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Abstract 
Welding is a metal joining process widely used in many manufacturing facilities around the world. 
It involves the process of heating the base and filler metals to a high temperature that leads to the 
formation of fumes. Welding emissions consist of gaseous pollutants and micron and sub-micron 
particles consisting of different heavy metals.   Health risks associated with exposures to weld 
fume is well recognized in the literature.  This research evaluates emissions and emission factors 
applicable to gas metal arc welding (GMAW) on AH 36 (mild steel) and 316 L (stainless steel).  
Emission factors evaluated consisted, total fume, chromium, cobalt, lead, manganese, and nickel.  
A weld fume chamber is used to capture the welding fumes onto a filter and then further analyzed 
to quantify the total fume and heavy metal emissions.  Critical operating parameters such as 
current, voltage, shielding gas, welding speed, and contact tube to work distance (CTWD) are 
considered while evaluating emissions and emission factors. The parameters with greater influence 
on emissions are selected, and then the heavy metal emissions are quantified by varying those 
parameters using inductively coupled plasma atomic emission spectrometry (ICP-AES) and 
portable XRF (X-Ray Fluorescence) analyzer. The heavy metal results from the ICP-AES and 
XRF are compared to explore the feasibility of using XRF analyzer in quantifying the heavy metals 
in welding fumes. Using the heavy metal emissions, the lifetime carcinogenic and non-
carcinogenic risks are evaluated for the GMAW process. The mild steel (MS) and stainless steel 
(SS) statistical analysis results indicate current and voltage are most influencing parameters in 
generating the fumes in GMAW. This research found a significant linear relationship between 
ICP-AES and XRF heavy metal results. The lifetime carcinogenic and non-carcinogenic risks 
results indicate high potential health risks if not properly managed.   
 
 
 
 
 
 
 
Keywords: GMAW, Total Fume and Heavy Metal Emissions/EFs, Carcinogenic and Non-
carcinogenic risks, XRF 
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1. Introduction 
Welding is an essential manufacturing process in many industries around the world. According to 
a survey by the United States Department of labor (2017), about 382,730 people are employed as 
welders, solderers, and brazers in 2016 (US Department of labor, 2017). The most common 
employers for welding activity are the architectural and structural metals manufacturing, 
automobile manufacturing, aerospace industry, shipbuilding industry, and many others. Welding 
is a profession that requires a skilled workforce and presents an excellent professional 
remuneration for the service. However, there are some health risks associated with this activity. 
Welding is a hazardous process that emits various toxic metals and gaseous pollutants. The toxic 
metals are emitted in the form of minuscule particles that can be inhaled and transported to the 
inner parts of the lungs easily. Epidemiological studies have stated that air pollution is strongly 
connected with health problems, and fatality and welding fume is not an exception (Antonini et 
al., 2004, Krishnaraj et al., 2017). It is associated with adverse health effects on kidneys and 
respiratory, reproductive and nervous systems (Santamaria et al., 2007). Also, there are some 
concerns with regards to carcinogens in welding fume (Krishnaraj et al., 2017). Approximately, 
up to two percent (3 million people) of the working population from different backgrounds in the 
industrialized countries are subjected to welding fume exposure (Pires et al., 2007).  Figure 1 
depicts the welding fumes being exposed by a welder while at work. 
 
Welding is an important process in the shipbuilding and repair industry. Most of the welding in 
this industry is comprised of electric arc welding processes such as shielded metal arc welding 
(SMAW), gas metal arc welding (GMAW), flux cored arc welding (FCAW), and submerged arc 
welding (SAW). Despite technological advancements in welding fume control, welders continue 
to be exposed to welding fumes. Sometimes, welding at the shipbuilding industry is done in 
confined spaces, where the welder might get exposed to a significant amount of fumes emitted, 
and this exposure can lead to various adverse health effects.  
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Figure 1: A welder being exposed to fumes at work. Source: US Air Force, 2005 
 
The welding fume generation is affected by many factors such as a) type of welding method, b) 
type of base metal, c) type of electrode, d) operating parameters (e.g., current, voltage, and 
shielding gas), and e) coatings on the base metal and electrode. There have been many types of 
research on welding fume emissions in the past decade, some of the investigations were on effects 
of the welding methods and process parameters on fume generation (Pires et al., 2006; Pires et al., 
2007; Sowards et al., 2008; Carpenter et al., 2009; Srinivasan and Balasubramanian, 2011; Scotti 
and Meneses, 2014; Mert, 2017; Mert et al., 2017). The present research focuses on the total fume 
and heavy metal emissions and emission factors applicable to GMAW using AH 36 (mild steel) 
and 316 L (stainless steel) base metals. The AH 36 and 316 L base metals are selected for this 
research as they are widely used in the shipbuilding industry. The main purpose of this research is 
to:  
(a) quantify the welding fume emissions and emission factors (EFs) with the change in 
various operating conditions (current, voltage, shielding gas, welding speed, and CTWD) 
in the GMAW and see the variation in the welding fumes with respect to the change in 
operating conditions, 
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(b) quantify the heavy metal emissions and EFs by changing the most influencing 
parameters that influence the welding fumes, as determined from the previous step,  
(c) explore the feasibility of using portable XRF analyzer in quantifying heavy metals in 
welding fumes by comparing with the ICP-AES results, 
(d) evaluate lifetime cancer and non-cancer risks associated with the process.  
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2. Scope & Objectives 
Need for Research  
Based on the discussion included in the literature review section, there are some data gaps within 
the welding emissions spectrum. According to the USEPA AP-42 compilation of emission factors,  
most of the EFs available for welding emissions are of “poor quality” with a data quality rating of 
“B” or “C” or “D.” Considering the critical health risks, it is important to generate additional data 
using suitable sampling and analytical equipment. However, evaluation of welding emissions is 
arduous and expensive. Through this research, the feasibility of using a low-cost method of metal 
analysis employing portable XRF is evaluated. Emission data developed is utilized to compute 
cancer and non-cancer health risks associated with GMAW on mild steel and stainless steel.   
 
Objectives and Scope of Work 
Objectives: 
The main objective of this research is to evaluate the total fume and heavy metal emissions and 
their variations by changing process parameters during GMAW welding on  
(a) AH 36 with ER70S-6 electrode  
(b) 316 L with ER316L-Si electrode 
  
The specific objectives of the research are to determine the following critical variables applicable 
to GMAW on mild steel as well as stainless steel using suitable weld wire and process conditions 
for total fume and heavy metals such as chromium (Cr), cobalt (Co), lead (Pb), manganese (Mn), 
nickel (Ni): 
(a) Emission rate (g/min) 
(b) Emission factors (g-fume/g-weld wire, g-heavy metal/g-weld wire)  
 
Scope of Work: 
In order to achieve the research objectives, it is proposed to use the following scope of work: 
(a) Use two base metals, mild steel, and stainless steel 
(b) Use appropriate weld wire and process conditions 
(c) Use modified AWS Weld Fume to capture 100% of the weld fume generated 
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(d) Compute total fume emissions and EFs with the variation in process parameters 
(e) Determine the most contributing parameters that affect the welding fumes  
(f) Use XRF to evaluate heavy metals contained in the weld fume by varying the most 
contributed parameters 
(g) Use other wet chemistry methods (to the extent possible) to determine heavy metal 
contained in the weld fumes 
(h) Compare the results obtained from XRF and wet chemistry methods 
(i) Compute emission rate, and EF in case of all applicable heavy metals 
(j) Discuss and rank lifetime cancer and non-cancer risks associated with two base metals used 
vis-à-vis heavy metals.   
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3. Literature Review 
3.1 Welding 
Welding is a metal joining process that produces coalescence of materials by applying intense heat 
between the materials with or without the application of pressure or by the application of pressure 
alone, and with or without the use of filler material (Akca and Gursel, 2016).  Welding is one of 
the most rigorously used means of metal joining processes for ages and has played an essential 
role in the prosperity of the industrial revolution (AWS, 2018). The applications of welding include 
manufacturing of machines, construction, shipbuilding, offshore platforms, pipelines, pressure 
vessels and piping, automotive industry, defense industry, railway industry, and aviation and 
aeronautical industry. A variety of metals can be joined by employing welding process, some of 
them include low carbon steel, alloyed steel, stainless steel, dual phase (duplex) steel, cast iron, 
light metals (aluminum, magnesium, titanium), heavy metals. 
 
There are many welding processes available, and the American Welding Society (AWS) has 
recognized over 80 different types of welding and associated processes in commercial use 
(Villaume et al., 1979). Electric Arc welding processes are widely used in many industrial 
applications, and they can be divided into processes using consumable and non-consumable 
electrodes. It involves the use of different types of electrodes, fluxes, shielding gases, and various 
types of equipment. In this process, the joining of the metals is achieved by the heat generated 
from an electric arc between an electrode and the workpiece. Examples of different arc welding 
processes include (USEPA, 1994):  
 
Consumable electrodes processes: 
• Gas Metal Arc Welding (GMAW) 
• Shielded Metal Arc Welding (SMAW) 
• Flux-Cored Arc Welding (FCAW) 
• Submerged Arc Welding (SAW) 
• Electrogas Welding  
• Electroslag Welding 
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Non-consumable electrodes processes: 
• Tungsten Inert Gas Welding (TIG) 
• Plasma Arc Welding 
 
Welders under various conditions, work in outdoors, indoors, open or confined spaces, underwater. 
Welders can be exposed to various kind of pollutants emitted through the process and can result 
in adverse health effects and sometimes even leads to death. Moreover, air pollution caused by the 
welding leads to various consequences on humans and the surrounding environment (Golbabaei 
and Khadem, 2015). 
 
3.2 Welding at the Shipbuilding Industry 
The maritime industry is quite important for the trading of goods worldwide, and most of the 
offshore trade is realized with ships (IMO, 2019). In 2016, world seaborne trade volume expanded 
by 2.6 % compared to 1.8% in 2015 and the United Nations Conference on Trade and Development 
(UNCTAD) estimated that it would increase by 2.8% in 2017 and estimated the compound annual 
growth rate of 3.2 percent between 2017 and 2022 (UNCTAD, 2017). As the seaborne trade is 
projected to increase shortly, there is a growing need for new ships, which translates into more 
shipbuilding at the shipyards. The shipbuilding industry plays a vital role in a country’s economy, 
in the United States, there are 124 shipyards that actively engage in shipbuilding and more than 
200 shipyards that engage in repairs and sometimes shipbuilding, this industry contributed $37.3 
billion towards US GDP and created 399, 420 jobs in 2013 (MARAD, 2015). Shipbuilding consists 
of various operations such as metal cutting, blasting, welding, painting, surface finishing/treatment 
to manufacture new ships, welding is quite essential in the manufacturing of ships.  
 
Ship manufacturing methods are mainly based on metal joining processes, such as welding. The 
shipbuilding industry used the clinches technique to construct the ships earlier, but due to the recent 
advancements in technology, the manufacturing of the ships is done by the welding process as it 
is more water resistant than the clinches technique (Turan et al., 2011). Electric arc welding 
techniques such as SMAW, GMAW, TIG, SAW, and FCAW is the most commonly used welding 
methods in the shipbuilding industry.  
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Metals present an excellent mechanical property when compared to other materials; they are hard 
tough, strong and durable (Shackelford et al., 2016). Various kinds of metals are welded in the 
shipbuilding industry; some of the metals include mild steel, stainless steel, aluminum, high 
strength steels, low alloy steels and so on. 
 
Sometimes, welding at the shipyards is done at confined spaces where there is not enough space 
for the installation of a conventional hood, so the workers get exposed to a complex mixture of 
welding fumes that can adversely affect the health. It is critical to understand the emissions 
associated with the welding process to take any measures to avoid potential health risks.     
 
3.3 Welding Emissions 
The process of heating the base material to immense temperature creates a fume with minute solid 
particles called welding fumes that can be inhaled (Hariri et al., 2012). Electric arc welding 
processes are the most emitting processes amongst all the welding methods. Most of the 
particulates in the welding fumes are formed by the vaporization of the electrode material, base 
metal, and filler materials. The metal melts and small quantities of molten metal vaporizes and 
then rapidly condense to form a plume of gases and aerosols. Some of the particles are formed by 
the coagulation process that involves agglomeration of smaller particles through collisions.         
 
Welding fumes comprise micron and sub-micron (nano) sized metal and metal oxide particulates 
and hazardous gases. The metal particulates typically found in welding fume include manganese, 
silicon, chromium, nickel, copper, fluorides, iron oxide, lead, molybdenum, aluminum, beryllium, 
cadmium oxides, vanadium, and zinc oxides. The welding process also produces toxic gases such 
as carbon dioxide (CO2), carbon monoxide (CO), oxides of nitrogen (NOx), ozone (O3), fluorine, 
and hydrogen fluoride (Antonini, 2003). 
  
Welding is an essential component in many industrial applications, but unfortunately, welding has 
its negatives regarding health hazards on the working personnel. There are approximately 1 million 
welders across the world (Antonini et al., 2003), these welders are exposed to harmful agents 
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generated by various welding processes that can be carried to inner parts of the lungs and other 
parts of the body and may lead to adverse health effects. Welding fumes are associated with 
adverse health effects on kidneys, respiratory, reproductive, nervous systems. In addition, there 
are some concerns with regards to carcinogens in welding fume. The inhalation of welding fumes 
may lead to acute or chronic respiratory diseases, asphyxiation, damage to skin and eye due to 
ultraviolet light, etc. (Mistry, 2015). Welding fume particles comprise a large proportion of sub-
micron (nano) particle size (McNeilly et al., 2004). Most of the fumes and gases are very minute, 
around one micrometer in size and these particles can easily penetrate deep into the respiratory 
tract. 
 
Welding emissions are complex to understand, and it comprises of harmful/toxic agents that can 
be carried to the inner parts of the body and may lead to acute and chronic diseases. The 
vulnerability of welding depends on various factors such as 1) method of welding, 2) workpiece 
being welded, 3) electrode material, 4) coatings present on the metal, 5) voltage, current and other 
operating conditions used and 6) ventilation (Mistry, 2015).   
 
3.4 Toxic Effects of Welding Emissions 
Welding is a dangerous occupation for several reasons such as (1) there are multiple factors that 
can threaten the health of a welder, such as heat, burns, radiation, noise, fumes, gases, (2) the high 
complexity in chemical composition of welding fumes, which differs from workpiece, method, 
and surrounding environment and (3) the routes of entry of harmful agents into the body (Antonini, 
2003).  
 
Routes of exposure: Welding workers can be exposed through inhalation, ingestion, and dermal 
contact with the fume. All three factors can be significant contributors to disease outcomes. 
Inhalation is the primary one among all the exposures as the workers without masks/helmets can 
inhale the fume. When welders eat their food with dirty hands or drinking contaminated food 
/liquids can ingest a significant dose through ingestion and dermal contact. These are important 
routes of exposure as lung cancer is associated with human consumption of contaminated water 
(high levels of arsenic and chromium); some metals (chromium, cobalt) can directly affect the skin 
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or be absorbed through the skin and leads to lung damage and other health effects (Matthew and 
Theodore, 2011). 
 
Acute and chronic health effects: Exposures to short-term welding fumes can cause dyspnea 
(difficult breathing), eye, nose and throat irritation, headache, and nausea. Exposures to just ozone 
and/or nitrogen dioxide can cause similar effects as they are important components of welding 
fumes, but metal fume components can cause lung effects (Antonini et al., 2004). Generation of 
reactive oxygen species (ROS) may also result in acute adverse health effects (Leonard et al., 
2010). Exposure to fluoride, aluminum, chromium, nickel and/or molybdenum may contribute to 
asthma (Hannu et al., 2007). Long-term exposure to welding fumes has been associated with 
chronic bronchitis, and lung cancer (Christensen et al., 2008), susceptibility to infections, decrease 
in semen quality and other adverse reproductive effects, Sino-nasal cancer, Sarcoid-like (immune 
response) lung disease, Peripheral Artery Disease, particularly cadmium, Cardiotoxicity (Matthew 
and Theodore, 2011). 
 
3.5 Gas Metal Arc Welding (GMAW) 
GMAW is also known as metal inert gas welding (MIG) or metal active gas welding (MAG), in 
this process, a direct current electric arc is established between a consumable electrode and the 
workpiece as shown in Figure 2. The consumable electrode is continuously and automatically fed 
from a spool in the welding machine through the welding gun into the arc. Shielding gas, fed 
through the welding gun, is used to protect the arc from oxygen in the environment. Typically, 
shielding gases include argon and helium for aluminum welding and CO2 for steel welding. As the 
consumable electrode is continuously and automatically fed from a spool of wire, productivity 
with GMAW can be much higher than other welding methods. A large variety of alloys and 
thicknesses of metal can be welded by varying the voltage, current, and thickness of the wire (Cole 
et al., 2007). Gas metal arc welding has almost doubled, rising from 10% to 20%, and is projected 
to double again in the next ten years. 
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Figure 2: Gas metal arc welding. Source: Elango and Balaguru, 2015 
 
3.5.1 Metal transfer modes in GMAW 
The GMAW process uses four different types of modes to transfer metal from the electrode to the 
workpiece; they are as follows: 
• Short-circuit:   
• Globular 
• Spray 
 
Metal transfer mode is very important in the welding procedures that utilize consumable 
electrodes. The type of droplet detachment can inclusive cause a substantial effect on weld pool 
behavior in GMAW, which directly influence the weld quality, penetration process, and the 
welding fume formation (De Miranda et al., 2007). The welding parameters such as the welding 
current, voltage, wire feed rate, and shielding gas composition, are responsible for the 
determination of the mode in the welding activity (Choi et al., 1998). To guarantee the desired 
quality in the weld, some adjustments in the welding parameters should be made in order to provide 
the appropriate metal transfer mode for each application (Johnson et al., 1991). In GMAW, the 
combination of those many parameters can result in three different modes of metal transfer across 
the arc (spray, globular, and short-circuiting). The different metal transfer modes are explained 
below: 
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Short-Circuit Metal Transfer: Short-circuit transfer occurs when the molten drop touches the 
surface of the weld pool at a low welding current and voltage, the physical contact of the electrode 
with the molten weld pool can occur up to 200 times per second (Choi et al., 1998).  
 
Globular Transfer: This mode has high deposition rates, and large liquid droplets can be observed 
in the tip of the electrode. The current should be above 200A to indicate a globular arc or spray 
arc mode (Jones, Eagar, and Lang, 1998). 
 
Spray: Spray metal transfer is the higher-energy mode of metal transfer, with high current and 
voltage, resulting in a stream of small molten droplets (Kah et al., 2013). To achieve spray transfer, 
binary blends containing argon + 1-5 percent oxygen or argon + CO2, where the CO2 levels are 18 
percent or less, are typically used (Armao et al., 2014). 
 
3.5.2 GMAW fume emissions 
GMAW emit fumes and gases, and they depend on various process and operating parameters. 
Typically, it emits various fumes that comprise of heavy metals such as chromium, nickel, lead, 
manganese and so on, the heavy metals present in the fumes depends on the chemical composition 
of base and filler metal. GMAW leads to the generation of various gases such as carbon monoxide, 
ozone, oxides of nitrogen and so on.  
 
Fume formation rate: The amount of fumes in the welding process are usually quantified in terms 
of fume formation rate (FFR)/fume generation rate (FGR)/fume emission rate. The FFR is defined 
as the amount of fumes emitted per the time welding process employed. The amount of time the 
welding process employed is known as arc time, and it is measured in minutes or seconds. 
  
𝐹𝐹𝑅 =  
𝑔𝑟𝑎𝑚𝑠 𝑜𝑓 𝑓𝑢𝑚𝑒𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑎𝑟𝑐 𝑡𝑖𝑚𝑒
 (
𝑔
𝑚𝑖𝑛
)                                                                                                 (1) 
 
Factors affecting GMAW fume emissions: Welding fume emissions are affected by various 
welding process and operating parameters such as current, voltage, the chemical composition of 
the electrode and workpiece, shielding gas mixture and flow rate, electrode wire extension, contact 
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tip to work distance, welding speed, torch drag angle, etc. A brief description of how these 
parameters influence the fume emissions are described below: 
 
Current:  The fume emission increases with the increase in the current intensity; as the current 
increases, the higher the energy of the arc and the higher temperature that leads to the formation 
of more metal vapor. An experimental study on GMAW fumes emissions indicate that the FFR is 
highly influenced by the current intensity, the FFR is globally increased with the current intensity, 
but there is no linear trend as the FFR is highly influenced by the different metal transfer modes 
short-circuit, globular, and spray (Pires et al., 2006). Another study where the fume emissions are 
analyzed at three different current levels viz., 150, 200, and 250 amps indicate lower emissions for 
the current of 150 and 200 amps as the short-circuit metal transfer was observed. At 250 amps, 
globular transfer mode was observed where the fume emissions are higher because the filler metal 
is transferred in short-circuiting and non-short-circuiting drops (irregular metal transfer) through 
the arc that forms more spatter leads to higher fume formation (Matusiak and Wyciślik, 2010).  
 
Voltage: The fume emissions during the GMAW process increases with the increase in voltage. 
As the voltage is increased, the heat input is increased thus generating more fumes (Mert, 2017).  
 
Base metal: The base metal has a minimal effect on the fume emissions unless it doesn’t possess 
any coatings or any volatile substances on its surface. Various heavy metals can be emitted from 
the base metal depending on the chemical composition.   
 
Electrode: It is an important source of fume emissions in GMAW; most of the fume emissions are 
affected by the composition of the filler metal and its diameter. In the welding process, the filler 
metal is melted at a higher temperature that causes the metal to vaporize and rapidly condense to 
form metallic fumes. More than 90% of the fumes in the welding process are formed due to the 
filler metal vaporization (Brown, 1997).  
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Electrode diameter: Welding fumes can also be affected by the diameter of the filler metal. 
Generally, a smaller diameter electrode generates more fumes than a larger diameter electrode 
(Spear, 2004).  
 
Shielding gas composition: Prior researches confirm that the shielding gas compositions have a 
significant impact on the fume formation process. Typical shielding gas composition includes 
Argon (Ar), Helium (He), Ar/CO2, and Ar/O2 mixtures. The fume formation rate is lower with 
argon compared to helium because of differences in thermal conductivity. Furthermore, the fume 
formation rate increases with increase in CO2 and O2 content in the Ar/CO2 and Ar/O2 mixtures, 
this means that the fume formation increases with increase in oxidant levels in the shielding gas 
(Albert, 1996).    
 
Shielding gas flow rate: The rate of shielding gas flow also affects fume emissions. The flow rate 
must be high enough to protect the bead from the environment but low enough to minimize the 
turbulent mixing (Quimby and Ulrich, 1999). If the gas flow rate is too high or too low, air can 
enter the arc causing an increase in fume emissions and degrading the weld quality.  
 
Welding speed: As the welding rate increases, the fume generation rate increases. A study 
indicated the increase in fume rate by about 5 % when the speed is increased by a factor of 2 (Heile 
and Hill, 1975; Albert, 1996). 
 
Contact tip to work distance (CTWD): The CTWD can influence the fume formation process. If 
the CTWD is increased, i.e., the distance between the contact tip and the base plate is increased, 
this leads to an increase in resistance thus lowering the current. When the CTWD is decreased, the 
current increases (Armao et al., 2014). The CTWD is as shown in Figure 3 below. 
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Figure 3: Electrical Extension and Contact Tip to Work Distance (CTWD) 
Source: adapted from Armao et al., 2014 
 
Electrode angle: Prior studies indicate the electrode angle has a slight effect on the fume formation 
process.  
 
3.6 Toxicity of Heavy Metals 
As mentioned earlier the welding process emits various heavy metals, and they pose severe health 
risks upon exposure. The toxic effects of metals of interest in this research are as follows:  
 
Chromium VI (hexavalent chromium): Chromium VI is one of the most carcinogenic metallic 
ions that a human can be exposed to. Carcinogenicity appears to be associated with the inhalation 
of the less soluble/insoluble Cr (VI) compounds. DHHS (Department of Health and Human 
Services), EPA (Environmental Protection Agency), WHO (World Health Organization), and 
IARC have all recognized Cr (VI) as a human carcinogen (ATSDR, 2008).  
 
Cr (VI) is better absorbed from the lungs, gut, and skin than is Cr (III). Pulmonary irritant effects 
following inhalation of chromium dust can include asthma, chronic bronchitis, chronic irritation, 
chronic pharyngitis, chronic rhinitis, congestion and hyperemia, polyps of the upper respiratory 
tract, tracheobronchitis, and ulceration of the nasal mucosa with possible septal perforation (Dayan 
and Paine, 2001). Occupational exposure to Cr (III) has also been associated with respiratory 
effects. In addition, occupational exposure Cr (VI) compounds have been associated with effects 
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on the skin, nasal septum, and eardrum (ATSDR, 2008).  Potential reproductive effects of 
chromium in humans have not been adequately investigated. Data indicate that Cr (VI) compounds 
are teratogenic in animals. Cr (VI) compounds induced DNA damage, gene mutation, sister 
chromatid exchange, chromosomal aberrations in a number of targets, including animal cells in 
vivo and animal and human cells in vitro (ATSDR, 2008). 
 
Cobalt: Cobalt (Co) is commonly found in alloys, and its fumes can be associated with skin 
irritation, allergic contact dermatitis, and occupational asthma. Three types of lung diseases have 
been reported as being related to cobalt exposure: (1) an interstitial fibrotic process, (2) an 
interstitial pneumonitis, and (3) an obstructive airways syndrome, that is an allergic reaction 
characterized by a cough, and shortness of breath while at work (Morton and Seaton, 1975; Coates 
and Watson, 1971). Moreover, cobalt and its compounds can produce allergic dermatitis that 
usually occurs in skin areas subjected to friction, such as the ankle, and neck (Browning, 1969). 
 
Epidemiological studies could not determine the carcinogenicity of cobalt in humans because it 
has been confounded by concurrent exposure to other known carcinogens such as nickel and 
arsenic (Jensen and Tuchsen, 1990). A retrospective cohort study of 874 women exposed to cobalt 
in two Danish porcelain factories did not demonstrate a relationship between this exposure and the 
risk of developing lung cancer (Tuchsen et al., 1996). However, a significant increase in lung 
cancer risk was detected in workers simultaneously exposed to cobalt and tungsten carbide 
(Moulin et al., 1998). In 2003 ACGIH threshold has a limit value-time-weighted average (TLV-
TWA) for elemental cobalt to 0.02 mg/m3 with an A3-confirmed animal carcinogen designation 
with unknown relevance to human’s notation (ACGIH, 1991). 
 
Lead (Pb). Lead is classified as a 2B carcinogen by the IARC (ATSDR, 2007). Adults with 
occupational exposure to lead (Pb) might have neurotoxic effects, including peripheral neuropathy. 
Lead also is nephrotoxic and can cause progressive nephron loss leading to renal failure, gout, and 
hypertension. Motor nerve dysfunction can occur at blood lead levels (BLLs) as low as 40µg/dL. 
While BLLs ≥ 40 µg/dL have been associated with increased risk for cancer and can even cause 
mortality (Goyer, 1990). Lead exposure remains a concern for pregnant and lactating women, 
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particularly those who have occupational exposure to lead. Prenatal lead exposure resulting in 
maternal BLLs <10 µg/dL has measurable adverse effects on maternal and infant health, such as 
fertility, hypertension, and infant neurodevelopment (Bellinger, 2005).  
 
Manganese: Manganese (Mn) is primarily used in alloys and welding rods. The exposure to 
manganese can cause severe damage to the central nervous system after chronic exposure from 6 
months to 3 years, being a neurological disorder known as chronic manganese poisoning or 
manganism (USEPA, 1984). Manganism can be reversible if it is limited to psychological 
disturbances and the person can be removed from exposure (Rodier, 1955). The initial symptoms 
of manganese exposure are headache, asthenia, and, occasionally, psychotic behavior (Cook et al., 
1974). Moreover, chronic exposure can cause muscle weakness, speech impairment, 
incoordination, and impotence; tremor, paresthesia, and muscle cramps (USEPA, 1984; Rodier, 
1955; Cook et al., 1974). A study composed of 36 workers exposed to magnesium dioxide dust 
ranging from 6.8 to 42.2 mg/m3 has shown that 8 of them developed symptoms of manganism 
(Emara et al., 1971). Furthermore, low-level exposure to manganese ranging from 0.19 to 1.39 
mg/m3 for 1–45 years has reported some alterations in neurophysiological and psychological 
parameters that were related to manganism exposure (Wennberg et al., 1991). There is also an 
association between manganese exposure and pulmonary effects including pneumonia, chronic 
bronchitis, and airway disability (Emara et al., 1971). There is no information relating manganese 
exposure to cancer occurrence in humans and in 2003, the ACGIH threshold limit value time-
weighted average (TLV-TWA) for manganese as Mn is 0.2 mg/m3 as a precaution (ACGIH, 1991). 
 
Nickel: Nickel metal and its alloys are classified as a “possible” human carcinogen by IARC. 
Worldwide several workers get exposed to nickel, and its compounds in occupational settings lead 
to increased levels of nickel in blood, urine, and body tissues. Inhalation of nickel can cause lung, 
nasal, throat, and stomach cancer (Duda-Chodak and Blaszczyk, 2008). Epidemiological studies 
indicate the increased mortality from lung and nasal cancers in nickel refinery workers exposed to 
inhalation of dust and fumes containing nickel (Seilkop and Oller, 2003).    
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3.7 Methods to Quantify Heavy Metal Emissions 
Heavy metal emissions from various sources can be quantified using a wide range of analytical 
techniques that are available in the market. The conventional methods to quantify these emissions 
include: Inductively coupled plasma mass spectrometry (ICP-MS), Inductively coupled plasma 
atomic emission spectrometry (ICP-AES), Atomic absorption spectrometry (AAS), Neutron 
activation analysis (NAA), X-ray fluorescence (XRF) spectrometry (energy dispersive and 
wavelength dispersive). Each method has its own advantages and disadvantages, while some of 
the methods are cumbersome, expensive, resource demanding and require advanced skills to 
operate. A summary of the methods mentioned along with the advantages and disadvantages are 
presented in Table 1. 
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Table 1. Summary of analytical techniques (Helaluddin et al., 2016) 
Analytical 
Technique 
Elemental Analysis Advantages Disadvantages 
Inductively 
coupled 
plasma-mass 
spectrometer 
(ICP-MS) 
Detection limits for most 
elements in ppb and ppt 
levels 
Multielement 
capability, low 
detection limits, large 
linear dynamic working 
range, highly accurate  
High cost per sample, requires sample 
preparation, skilled person to operate 
Inductively 
coupled 
plasma-
atomic 
emission 
spectrometer 
(ICP-AES) 
Suitable for most elements  multielement capability 
High instrument cost, high cost per 
sample, destructive analysis, requires 
sample preparation, requires skilled 
labor 
Atomic 
absorption 
spectrometry 
(AAS) 
Elemental analysis suitable 
for the determination of 
approximately 70 elements 
Easy to use 
One element at a time, low precision, 
individual source lamps required for 
each element 
Neutron 
activation 
analysis 
(NAA) 
Most elements  multielement analysis  
Very high cost and requires a nuclear 
reactor 
Portable XRF 
(Energy 
Dispersive) 
elements from sodium (Na) 
to Uranium (U) 
Portable, non-
destructive & rapid 
analysis, little or no 
sample preparation 
required 
Very difficult to detect or quantify 
lighter elements (Si, Al, Li, Be), 
detection limits in parts per million 
(ppm) range, XRF is a surface/near 
surface technique, danger of x-ray 
radiation 
Flame atomic 
absorption 
spectrometer 
(FAAS) 
The elemental 
determination at ppm 
concentration levels for 
many elements with good 
precision  
Fast analysis, good 
precision, relatively low 
cost 
Arsenic (As) and zirconium (Zr) may 
not be determined 
Graphite 
furnace 
atomic 
absorption 
spectrometry 
(GFAAS) 
good detection limits for 
most elements  
High sensitivity Slow analysis, high cost 
 
3.7.1 XRF spectrometry 
X-ray fluorescence (XRF) spectrometry is an analytical method used to determine the elemental 
composition on the alloys, soils, liquids, dust wipes, and filters. It can be used in the petroleum 
industry, power plants, aerospace and automotive, environmental field to quantify the elemental 
composition on various materials. The XRF method is both qualitative and quantitative, fast, 
accurate and nondestructive. This method requires minimal sample preparation when compared to 
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wet chemistry methods. XRF spectrometry is divided into two different analytical techniques:        
a) Energy Dispersive (EDXRF) and b) Wavelength Dispersive (WDXRF) (Brouwer, 2010). 
 
The various ranges of elements can be determined on different materials using XRF spectrometry, 
the EDXRF spectrometer can detect elements from sodium (Na) to Uranium (U), whereas, 
WDXRF can detect from beryllium (Be) to uranium (U). The XRF spectrometer has a source 
(produce irradiation in x-ray photons), sample, and a detector. The source generates x-rays that 
can create high energy photons. When these x-rays are shot on the material (soil, alloys, filters), 
the electron in an atom is ejected from the lower energy orbital that makes an atom unstable, to 
overcome this issue, another electron from a higher energy level is moved to a lower energy orbital. 
And, this process emits some energy that goes into the instrument's detector to characterize the 
element. Each atom has its own specific energy levels. Therefore the energy released will be the 
characteristics of that element; this is qualitative analysis. The amount of the element is computed 
using the no. of counts (intensity-number of times the electron is ejected from the same kind of 
atom), this is called quantitative analysis. EDXRF spectrometers are based on the energy, WDXRF 
spectrometers are based on the wavelength (Brouwer, 2010).  
 
EDXRF spectrometers can be portable, where the analysis can be done in seconds to minutes. 
There are many handheld portable XRF analyzers based on energy dispersive technique available 
in the market that can determine elements in various materials (soils, alloys, filters, dust wipes), 
this method is rapid, nondestructive and requires minimal sample preparation. The price range is 
in between $25, 000 to $40, 000. Many studies have been conducted in the past using portable 
XRF analyzer on airborne particles collected on filter media; a summary of the researches is 
presented in Table 2.   
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Table 2. Relevant Literature on Field Portable XRF analysis to analyze heavy metals on airborne particles 
Authors Title Research Objectives 
Equipment 
Used 
Filters Used Findings 
Morley, J.C 
et al., 1999 
Evaluation of a portable 
X-ray fluorescence an 
instrument for the 
determination of lead in 
workplace air samples 
Determining the applicability 
of portable XRF technique 
for the determination 
of lead in workplace air 
samples. 
The NITON 
700 XRF, 
109Cd 
radioactive 
source 
Mixed cellulose ester 
membrane filters (37 mm 
diameter, 0.8 µm pore size) 
 
The results show there is no 
statistically significant 
difference between XRF and 
NIOSH reference analytical 
method. This study provided 
data of suitable quality for 
the development of NIOSH 
Method 7702 (lead by field 
portable XRF) 
Harper, M 
et al., 2006 
A comparison of 
portable XRF and ICP-
OES analysis for the 
lead on air filter samples 
from a lead ore 
concentrator mill and a 
lead-acid battery 
recycler 
The research focuses on the 
investigation of the use of 
portable XRF analyzers for 
on-site evaluation of airborne 
lead samples in the 
workplace. 
NITON 
XL701, 109Cd 
excitation 
source  
 
MCE filters. 
NIOSH 7702 recommends the 
use of these filters.  
The lead found in most of the 
samples by XRF and ICP-
OES have a good correlation 
(r2=0.96)  
Kim, N. S et 
al., 2007  
Use of field-portable X-
ray fluorescence 
(FPXRF) analyzer to 
measure airborne lead 
levels in Korean 
workplaces. 
The main objective of this 
research is to evaluate the 
use of FPXRF in measuring 
the airborne lead 
contamination in Korean 
workplaces. 
NITON XL-
309 
Cellulose ester membrane 
filters (0.8 µm pore size, 37 mm 
diameter). 
NIOSH 7702 recommends the 
use of these filters. 
The FPXRF data is highly 
correlated with the ICP 
laboratory method in terms of 
accuracy, precision, and bias 
Nicholas et 
al., 2009 
Laboratory evaluation of 
a field-portable sealed 
source x-ray 
fluorescence 
spectrometer for 
determination of metals 
in air filter samples 
 
 
 
Evaluating the use of field-
portable XRF spectrometer 
to measure airborne metals 
of health concern (e.g., iron, 
manganese, nickel, 
chromium, lead) 
 
NITON XL-
701 (109Cd 
sealed 
radioisotope 
source, 10mCi) 
MCE, glass fiber, PTFE, 
polyvinylchloride (PVC), 
polypropylene (PPE) filters.  
All the filters are 37 mm 
diameter in size. 
MCE filters are the most chosen 
one for the airborne metal 
collection and subsequent XRF 
analysis; it is widely available 
FPXRF spectrometry has the 
potential to be useful in the 
assessment of various metals 
(iron, manganese, nickel, 
chromium) in worker 
exposure studies. 
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Wisanti et 
al., 2010 
Assessment of 
occupational exposure to 
manganese and other 
metals in welding fumes 
by portable X-ray 
fluorescence 
Spectrometer 
Determining the feasibility 
of using a portable XRF 
spectrometer for analysis of 
five metals (manganese, iron, 
zinc, copper, and chromium) 
on welding fume samples 
collected on filters 
NITON 
Portable XRF 
model 
XL3t series 600 
Polytetrafluoroethylene (PTFE) 
membrane filter (37 mm 
diameter).  
PTFE filters are used for XRF 
analysis because they are 
analytically clean and are thin 
to reduce scattering 
The results indicate that 
portable XRF could be used 
as an effective and reliable 
tool for occupational 
exposure studies  
Hill, 2012 Field portable X-ray 
fluorescence for rapid 
analysis 
of titanium dioxide on 
air filters 
Evaluating the use of field-
portable XRF (FPXRF) 
spectrometer to analyze 
titanium dioxide on air filters 
NITON 
Corp., XL3t 
600 with an x-
ray tube (Au 
anode, 50 kV, 
40 μA) 
Mixed Cellulose Ester (MCE), 
Poly Carbonate (PC). 
NIOSH 7702 recommends the 
use of MCE filters for FPXRF 
analysis. PC filters provide the 
best fluorescing signal due to its 
flat reflective surface 
 
NIOSH accuracy 
measurements were not met 
by the FPXRF to be 
considered an acceptable 
method 
LeBouf et 
al., 2013 
Comparison of field 
portable measurements 
of ultrafine TiO2: X-ray 
fluorescence, laser-
induced breakdown 
spectroscopy, and 
Fourier-transform 
infrared spectroscopy 
Evaluating the efficacy of 
portable XRF, laser-induced 
breakdown spectroscopy 
(LIBS), and Fourier-
transform infrared (FTIR) in 
determining Titanium 
content on the filters. 
XRF analyzer, 
Alpha-
8000LZX; 
Olympus 
INNOV-X,  
XT-220 X-ray 
tube at 35 kV 
and 20 μA 
polycarbonate track-etched 
(PCTE) (0.4 μm pore diameter), 
37 mm diameter 
 
 
XRF was very suitable for 
this application since it 
produced accurate results 
with a wide linear dynamic 
range.  
Jae Hong 
Park et al., 
2016 
Rapid analysis of the 
size distribution of 
metal-containing aerosol 
Determining the metal 
content of particles by size 
using a nano micro-orifice 
uniform -deposit impactor 
(nano-MOUDI) and FPXRF 
from stainless steel aerosol 
produced by a spark 
discharge system 
Niton XL3t 
Ultra, Thermo 
Scientific, USA 
PC substrate (pore size of 0.2 
μm, the diameter of 47 mm), 
An MCE filter (pore size of 0.8 
μm, the diameter of 47 mm) 
was used as a backup filter.  
Blank MCE filters were 
analyzed using FPXRF; no 
metals were detected in the 
blank filters. 
Results from this study 
indicate FP-XRF and ICP-
MS data are linearly 
correlated with high r2 
values. 
 
Jean-
Philippe 
Gorce & 
Martin Roff, 
2016 
Immediate screening of 
lead exposure in the 
workplace using 
portable X-ray 
fluorescence 
The lead content in airborne 
dust collected on membrane 
filters and deposited on work 
surfaces is quantified 
nondestructively using 
portable XRF. 
Niton XL3t 
PXRF 
instrument 
equipped with 
50 keV X-ray 
tube. 
25-mm diameter membrane 
filters 
This research concludes 
portable XRF can be used to 
quantify lead in occupational 
lead exposure. 
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3.8 Welding Safety 
The GMAW with the proper precautions can be a very safe tool to use. However, if welders ignore 
some secure proceedings, they can be exposed to many dangers such as electric shock, eye injuries, 
skin burn, fumes, and gases, that can compromise their health (CDC, 2019). Table 3 summarizes 
the types of personal protective equipment (PPE) necessary for the welder's safety. It is essential 
that welders learn how to protect themselves to avoid breathing the welding fume and gases, as 
welding is considered a potential occupational carcinogenic that can threaten human health 
(OSHA, 2019).  
 
Table 3. Welding personal protective equipment (PPE) 
Equipment Body Part Protection 
Welding helmet Eyes and the face Radiation, flying particles, sparks, intense light, 
irritation, and chemical burns 
Mask Lungs Welding fumes 
Earplugs Ears Noise 
Leather jacket Skin Heat, fires, burns, radiation 
Leather boots Feet Electric shock, heat, burns, fires 
Leather gloves Hands Electric shock, heat, burns, fires 
 
To guarantee more safety to the welders, employers must provide more information and training 
on hazardous materials in the workplace. Welders should also consider staying upwind when 
performing welding. The general ventilation can reduce fume exposure and gas levels in the work 
area, removing them from the welder’s breathing zone. Welding in confined spaces without 
ventilation is not appropriate, and additional protection may be required if the work practices and 
ventilation do not reduce exposures to safe levels. The gases generated during the welding 
activities should be discharged safely, according to the government rules and regulations. 
Whenever possible, welders should consider adopting a lower fume-generating or a less toxic 
welding type/process conditions.  
 
3.9 Welding Regulations at the Shipbuilding Industry 
Welders and other workers must avoid hazardous fumes and gases produced during welding, 
brazing, soldering, and cutting activity. To reduce the fume exposure, OSHA established a time-
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weighted average (TWA) 8-hour TWA of 5 mg/m³ for some types of welding fumes (CDC, 2019). 
OSHA concludes that a permissible exposure limit (PEL) for welding fumes is crucial to protect 
welders from the risk of metal fume fever and respiratory irritation associated with the generation 
of welding fumes. Adequate ventilation can protect workers from fume exposure, and if the 
exposure exceeds the permissive levels, even with proper ventilation, then respiratory protection 
should be used for every worker in the area.  
 
Some public agencies are demanding, even more, stricter PELs for welding in the shipbuilding 
industry. Those opposed to this idea argue that much capital will need to be invested in 
maintenance and ventilation equipment that might not bring significant gains in worker health. In 
the other hand, proponents of standards argue that medical fees, liability suits and lifestyle 
limitations related to welding fume are likely to cost even more. Presently, about 2% (3 million 
people) of workers from different backgrounds are subjected to welding fume exposure. In 
confined spaces, welding can be deadly. Without proper ventilation, the intensity of the toxic 
fumes can be higher, and possibly over the respective limits for toxic substances (Pires et al., 
2007).  To reduce the exposure to welding fumes, the OSHA (2018) provided a list of standards 
applicable to welding, the most important ones for the shipyards are: 
• Welding, Cutting & Brazing—29 CFR 1910 Subpart Q  
• Welding, Cutting & Heating—29 CFR 1915 Subpart D  
• Permit-required confined spaces—29 CFR 1910.146  
• Confined & Enclosed Spaces & Other Dangerous Atmospheres in Shipyard 
Employment—29 CFR 1915 Subpart B  
• Respiratory Protection—29 CFR 1910.134  
• Air Contaminants—29 CFR 1910.1000 (general industry), 29 CFR 1915.1000 (shipyards), 
29 CFR 1926.55 (construction) 
 
3.10 Cancer and Non-cancer Risks 
Cancer Risks: The data regarding the lifetime cancer risks from inhalation of HAPs in this study 
are adopted from the United States Environmental Protection Agency (USEPA) guidelines for 
carcinogenic risk assessment (USEPA, 1986). The cancer risks for various pollutants are 
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calculated based on Unit Risk Estimates (UREs) for each individual pollutant. The URE for a 
specific pollutant is estimated from continuous exposure to the pollutant over a lifetime at a 1 
µg/m3 concentration in the air; it represents the upper-bound excess lifetime cancer risk. The URE 
value can be interpreted as follows: The URE of Cr (VI) is 0.012 per µg/m3, which means that if 
an individual inhales Cr (VI) at an average concentration of 1 µg/m3 for a lifetime poses an 
estimated increased risk of cancer of 12,000 in a million. The Cr (VI) has the highest potential to 
cause cancer than any other agents of the HAPs based on the URE values.  
 
The lifetime cancer risk estimates are computed using the formula: 
Lifetime cancer risk = (Life Time Average Exposure; LTAE) * (URE)                                   (2) 
 
where, 
Lifetime cancer risk is the probability of occurrence of cancer over a lifetime  
LTAE is the lifetime average exposure to a specific air pollutant, (μg/m3) 
URE is the unit risk estimate, (μg/m3)-1 
 
The LTAE of a specific pollutant is calculated using the methodology presented below: The US 
EPA considers 70 years is the lifetime of an individual, the LTAE of a specific pollutant is 
calculated with the average concentrations over a 70-year period. For example, if a person is 
exposed to X1 μg/m3 concentration in 0 to 30 years, X2 μg/m3 concentration in 30 to 60 years, X3 
μg/m3 concentration in 60 to 70 years of a specific pollutant, then the LTAE can be calculated as 
follows: 
 
𝐿𝑇𝐴𝐸 =  
[𝑥1∗30]+[𝑥2∗30]+ [𝑥3∗10]
30+30+10
                                                                                                                  (3) 
 
The same methodology must be applied to compute the average concentrations for an hour, day, 
month, and year. The US EPA suggests that the lifetime cancer risk value should be 1 in 1 million 
as a safe limit. A probability of “1-in-1 million” means one individual out of one million people 
that are exposed to a specific pollutant with the same concentration, would contract cancer if 
exposed continuously over 70 years. This risk would be an excess cancer risk that is in addition to 
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any cancer risk borne by a person not exposed to these air toxics. If a person is exposed to different 
pollutants over a lifetime, then the total carcinogenic risk probability is the sum of the individual 
cancer risk probabilities. 
 
The UREs for a few pollutants of interest along with the Weight of Evidence (WOE) based on 
EPA & IARC and Chemical Abstracts Service (CAS) number are presented in Table 4. The EPA 
WOE based on 2005 Guidelines: CH - carcinogenic to humans; LH - likely to be carcinogenic; SE 
- suggestive evidence of carcinogenic potential; InI - inadequate information to assess carcinogenic 
potential; NH - not likely to be carcinogenic. The WOE based on EPA 1986 guidelines are defined 
as A - human carcinogen; B1 - probable carcinogen, limited human evidence; B2 - probable 
carcinogen, sufficient evidence in animals; C - possible human carcinogen; D - not classifiable E 
- evidence of non-carcinogenicity. IARC WOE include: 1 - carcinogenic; 2A - probably 
carcinogenic; 2B - possibly carcinogenic; 3 - not classifiable; 4 - probably not carcinogenic. The 
CAS is a unique number designed to identify different substances by any government agencies 
internationally. 
 
Table 4. Unit risk estimates (URE’s) of various pollutants (USEPA, 2005; USEPA, 1996) 
S.NO Air Toxics CAS# 
Weight of Evidence URE 
(µg/m3)-1 EPA IARC 
1 Chromium (VI) compounds 18540-29-9 CH 1 1.20E-02 
2 Lead compounds 7439-92-1 B2 2B 1.20E-05 
3 Nickel compounds 7440-02-0 A 1 3.12E-04 
 
Non-cancer risks: For this study, the data regarding the non-cancer risks from inhalation of HAPs 
are adopted from the United States Environmental Protection Agency (US EPA) guidelines for 
non-carcinogenic risk assessment. The non-cancer risks for various pollutants are calculated based 
on the Reference Concentrations (RfC) for each individual pollutant. The RfC is an estimate of a 
continuous inhalation exposure to the human population (including sensitive subgroups) that is 
likely to be without an appreciable risk of deleterious effects during a lifetime (USEPA, 1994). 
 
𝐻𝑄  =
(𝐿𝑇𝐴𝐸)
(𝑅𝑓𝐶)
                                                                                                                                                   (4) 
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where, 
HQ is the hazard quotient (less than 1 is considered safe) 
LTAE is the lifetime average exposure to a specific air pollutant, (μg/m3) 
RfC is the reference concentration, (μg/m3) 
 
Non-cancer risks are not expressed in terms of probability of a person suffering an adverse effect, 
the risk for non-cancer effects are quantified by comparing the exposure to the reference level to 
a ratio known as the “hazard quotient” (HQ). The HQ values for a specific pollutant is considered 
safe if less than 1, that means a person is not associated with any adverse health effects. As the 
exposure increases, the HQ value increases, and the potential adverse health effects increases. In 
most cases, the agencies require HQ value is less than or equal to 0.5 to be on the safe side to avoid 
any adverse health effects. 
 
Non-cancer risks are organ-specific; each pollutant has effects on a target organ based on its 
physical, chemical properties. For example, if a person is exposed to benzene over a lifetime with 
HQ greater than 1, the person has a critical effect on blood, bone marrow and another chronic 
effect on the central nervous system (depression). If a person is exposed to two different pollutants 
that have effects on the same organ, then the HQ values for individual pollutants should be added 
and reported for the same organ.  The RfCs for different pollutants with chronic critical effect and 
other chronic effects are presented in Table 5. 
 
Table 5. Reference concentrations (RfC) of various pollutants (USEPA, 2005) 
S.NO Urban Air Toxics CAS# RfC (mg/m3) Target system 1 Target system 2 
1 Chromium  (VI) compounds 18540-29-9 1.00E-04 Respiratory  
2 Cobalt compounds 7440-48-4 1.00E-04 Respiratory  
6 Lead compounds 7439-92-1 1.50E-04 Neurological  
7 Manganese compounds 7439-96-5 5.00E-05 Neurological  
8 Nickel compounds 7440-02-0 9.00E-05 Respiratory Immune 
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3.11 Emission Factor 
The amount/quantity of a pollutant released to the atmosphere from a specific process or activity 
is known as Emission Factor (EF). It is expressed as the amount of pollutant emitted per unit 
amount of work done (USEPA, 2019). 
(Or) 
The emission factor is an indicator of how polluting a specific activity is. It is an amount of air 
pollutant emitted per unit amount of work done. Some of the examples include: 
 
kg of SO2/mile-travelled 
µg of CO/1g of incense stick burnt;  
µg of PM10(or)PM2.5/g of cigarette burnt 
kg of CO/ton of iron ore processed 
kg of PM/ton of steel; kg of SO2/MWH of electricity produced 
 
Emission factors are the fundamental input parameters in developing the national, state, and local 
emissions inventories for air quality management decisions and in developing emission control 
strategies (USEPA, 2019). EFs are used in developing greenhouse gas (GHG) emission inventories 
for ports, steel industry, electric generation utilities, among others, and they will help in creating 
awareness among people and in developing emission control strategies to minimize emissions. EFs 
are used to estimate emissions from different sources, as well as in air permitting applications, 
environmental impact assessments, and public health risk assessments. 
 
Emission factors are developed by researchers, scientists, air quality experts, governmental 
organizations, industry associations, and others to help industries in managing air quality related 
issues and in developing emission control strategies.   
 
Emission factors for different industries are documented in AP-42. There are EFs for various 
processes/industries such as: 
• Coal Powered Power Plants 
• Petroleum Refining 
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• Iron and Steel Manufacturing 
• Cement Manufacturing 
 
The U.S. EPA has been publishing emission factors for different pollutants from various activities. 
These documents are compiled and publicly available through Air Pollutant emission factors (AP-
42) documents. EFs for various industries like petroleum refinery, pharmaceutical, iron and steel, 
paper & pulp, lumber, water transportation and so on, can be accessed through AP-42 documents 
(USEPA, 2019). EF’s can also be found in many scientific articles, publications of trade 
organizations such as the National Shipbuilding Research Program (NSRP), and others. Industries 
can use these published emissions factors for emission inventories, air permit applications, 
environmental impact assessment, and health risk assessments. 
 
Many researchers have developed EFs for many different processes over a period of time. US EPA 
compiled some researchers EFs data and published through AP-42 documents. AP-42 documents 
have their own system of rating EFs collected from various researchers; this rating system is called 
“Emission Factor Rating,” this indicates the appropriateness of EFs based on source operation, 
sampling procedures, sampling and process data, analysis and calculations. All the EFs in the AP-
42 documents possess emission factor rating system; these ratings are given in the form of 
alphabets, namely A through E, which are described below: 
A – Excellent 
B – Above average 
C – Average 
D – Below average 
E - Poor 
 
The AP-42 documents published total fume and HAP EFs for various arc welding processes under 
the metallurgical industry category. The GMAW EFs from these documents are summarized in 
Tables 6 and 7. 
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Table 6. GMAW total fume emission factors from AP-42, Source: US EPA 
S.NO Electrode 
Average 
Current (A) 
Average 
Volt (V) 
Total Fume EF (g/kg [lb/103 
lb] Of Electrode Consumed) 
Emission 
Factor Rating 
1 
E308L (Includes 
E308LSi) 
250 23 5.4 C 
2 
E70S (Includes E70S-3, 
E70S-5, and E70S-6) 
250 29.3 5.2 A 
3 ER1260 180 20.5 20.5 D 
4 ER5154 160 24.1 24.1 D 
5 
ER316 (Includes 
ER316I-Si and ER316L-
Si) 
190 26.7 3.2 C 
6 
ERNiCrMo (Includes 
ENiCrMo-3 and ENi-
CrMo-4) 
179 32 3.9 C 
7 
ERNiCu (Includes 
ERNiCu-7) 
257 32 2.0 C 
 
Table 7. GMAW HAPs emission factors from AP-42, Source: US EPA 
S.NO Electrode 
Average 
Current 
(A) 
Average 
volt (V) 
HAP Emission Factor (10-1 g/kg [10-1 lb /103 
lb] Of Electrode Consumed) 
Emission 
Factor 
Rating 
Cr Cr(VI) Co Mn Ni Pb 
1 
E308 (Includes 
E308LSi) 
250 23 5.24 ND <0.01 3.46 1.84 ND C 
2 
E70S (Includes E70S-3, 
E70S-5, and E70S-6) 
245.4 29.2 0.01 ND <0.01 3.18 0.01 ND A 
3 ER1260 180 22 0.04 ND ND ND ND ND D 
4 ER5154 160 24.1 0.10 ND ND 0.34 ND ND D 
5 
ER316 (Includes 
ER316I-Si) 
180 26 5.28 0.10 ND 2.45 2.26 ND C 
6 
ERNiCrMo (Includes 
ENiCrMo-3 and ENi-
CrMo-4) 
178.5 32 3.53 ND ND 0.70 12.5 ND C 
7 
ERNiCu (Includes 
ERNiCu-7) 
257 32 <0.01 ND ND 0.22 4.51 ND C 
Note: Type of shielding gas employed will influence emission factors. 
 
3.12 Available Literature on GMAW Fumes 
A number of researches have been conducted on GMAW fume emissions over a period of time. 
The following table summarizes a few important ones.  
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Table 8. Relevant literature on GMAW fumes 
Authors Title Research Objectives Remarks 
Pires et al., 2006 
Fume emissions 
during gas metal 
arc welding 
The effects of shielding gas 
composition on the amount and 
composition of welding fumes 
generated 
The FFR is computed 
according to the AWS 
standards for various 
experimental runs, but the 
EFs data are lacking for 
total fume and heavy 
metals. The influence of 
electrode extension and 
welding speed on welding 
fume generation are 
lacking. 
Pires et al., 2010 
Reduction of 
fume and gas 
emissions using 
innovative gas 
metal arc welding 
variants 
The main objective of this 
research is to point out ways of 
reducing the harmful effects of 
GMAW processes using different 
filler materials, different shielding 
gases, and different operational 
welding procedures 
The FFR is computed 
according to the European 
standards EN ISO 15011-
2. The EFs data are 
lacking for total fume and 
heavy metals. The 
influence of electrode 
extension and welding 
speed on welding fume 
generation are lacking  
Quimby and Ulrich, 1999 
Fume formation 
rates in gas metal 
arc welding 
The fume rates are calculated over 
a wide range of current and 
voltage readings using an 
improved fume chamber 
The experiments are not 
conducted in a standard 
AWS fume chamber. The 
EFs data are lacking for 
total fume and heavy 
metals. The influence of 
shielding gas, electrode 
extension and welding 
speed on welding fume 
generation are lacking  
Gomes et al., 2014 
The effect of 
metal transfer 
modes and 
shielding gas 
composition on 
the emission of 
ultrafine particles 
in MAG steel 
welding 
The main objective  of this 
research is to characterize 
ultrafine particles emitted during 
GMAW of mild and stainless 
steels by employing different 
shielding gas mixtures and to 
evaluate the effect of metal 
transfer modes.  
The experiments are not 
conducted in a standard 
AWS fume chamber. The 
FFR and EFs data are 
lacking for total fume and 
heavy metals.  
Carpenter et al., 2009 
Analysis of fume 
formation rate and 
fume particle 
composition for 
gas metal arc 
welding (GMAW) 
of plain carbon 
steel using 
different shielding 
gas compositions 
This research compares thirteen 
shielding gases and their impact 
on FFR and fume particle while 
welding in the spray transfer 
regime. 
The fume box is designed 
under recommendations of 
ISO15011-1. The FFRs 
are calculated for different 
shielding gas 
compositions. All the 
other variables are kept 
constant in this research. 
The EFs data are lacking 
for total fume and heavy 
metals. 
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Pires et al., 2007 
Analysis of the 
influence of 
shielding gas 
mixtures on the 
gas metal arc 
welding metal 
transfer modes 
and fume 
formation rate 
This research focuses on the 
influence of shielding gas 
mixtures on the GMAW metal 
transfer modes and FFR 
Fume formation rate 
(FFR) was measured using 
the standard procedures 
contained in ANSI/AWS 
F1.2. The EFs data are 
lacking for total fume and 
heavy metals generated 
during GMAW. The 
influence of electrode 
extension and welding 
speed on welding fume 
generation are lacking 
Xin et al., 2001 
Fume generation 
during solid- and 
metal cored wire 
welding  
This research investigated the 
fume generation during GMAW 
using solid-wire and metal-cored 
welding consumables by 
employing a wide range of arc 
voltage and wire-feed-speed 
settings. 
All fume-generation 
testing was carried out 
according to the 
ANSI/AWS F1.2 standard. 
The EFs data are lacking 
for total fume and heavy 
metals. The influence of 
shielding gas, electrode 
extension and welding 
speed on welding fume 
generation are lacking  
Carpenter et al., 2009 
Influence of 
shielding gas on 
fume formation 
rate for gas metal 
arc welding 
(GMAW) of plain 
carbon steel  
The research compares thirteen 
different shielding gases and their 
impact on FFR and chemical 
composition in spray transfer 
The fume box is designed 
under recommendations of 
ISO15011-1. The FFRs 
are calculated for different 
shielding gas 
compositions and various 
voltage ranges. All the 
other variables are kept 
constant in this research. 
The EFs data are lacking 
for total fume and heavy 
metals. 
Mert, 2017 
The analysis of 
the effect of 
parameters in gas 
metal arc welding 
of structural steel 
with metal-cored 
wire on welding 
fume using 
Taguchi method 
and ANOVA 
In this study, the Taguchi design 
of experiment method was 
employed in gas metal arc 
welding (GMAW) of low carbon 
structural steel using metal-cored 
wire. Fume emissions were 
researched using a variety of 
process parameters. Fume 
formation rate results were 
evaluated using Taguchi and 
analysis of variance (ANOVA), 
and an evaluation was made 
towards the effect of global 
welding activities on the 
environment and workers’ health. 
Fume emission 
experiments were 
conducted inside a fume 
chamber designed 
according to EN ISO 
15011-1:2009. The 
influence of voltage on 
FFR is not investigated. 
The EFs data are lacking 
for total fume and heavy 
metals.  
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4. Methods and Materials 
4.1 Methodology  
4.1.1 Total fume emission rates and EFs 
As discussed in the objective part of this dissertation, the main purpose of this research is to 
determine the FFR, and the total fume EFs applicable to GMAW. Below are the formulae to 
quantify these variables. 
 
𝑇𝑜𝑡𝑎𝑙 𝐹𝑢𝑚𝑒 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒/𝐹𝑢𝑚𝑒 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =  
𝐹.𝑊−𝐼.𝑊
𝑎𝑟𝑐 𝑡𝑖𝑚𝑒
(
𝑔
𝑚𝑖𝑛
)                                         (5) 
 
𝑇𝑜𝑡𝑎𝑙 𝐹𝑢𝑚𝑒 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =  
𝐹.𝑊−𝐼.𝑊
𝑔 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 (
𝑔
𝑔
)                                                       (6)                                                                      
 
where, 
F.W is the final weight of the filter (weight after sampling) 
I.W is the initial weight of the filter (weight before sampling) 
Arc time is the difference between the time when the welding arc is initiated and stopped.  
 
The total fume EFs are calculated using Eq (6), where the difference between the filters is taken 
before and after sampling and divided by the amount of electrode consumed during the welding 
activity. The duration of the weld and the speed at which the welding wire is fed into the workpiece 
are used to calculate the amount of electrode consumed during the welding activity. Two different 
wire feed speeds are used in this research, and the amount of wire consumed is measured in grams, 
as presented in Table 9.  
 
Table 9. Weld wire consumed during the experiments 
S.NO Wire feed speed (in/min) Duration of the weld (sec) Weld wire consumed (g) 
1 200 30 20.386 
2 385 30 39.243 
 
According to Table 9, when the trigger on the welding gun is squeezed and released, the wire feeds 
in a speed of 200 inches per minute. This implies that the welding gun feeds 200 inches of welding 
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wire to the workpiece in a minute. For this reason, 200 inches of wire is weighed on a sensitive 
balance to determine the amount of wire consumed in grams. If the arc time is set to be 30 seconds 
for this specific wire feed speed, then the value needs to be divided by two to get the amount of 
electrode consumed for 30 seconds.  
 
4.1.2 Heavy metal emission rates and EFs 
The heavy metal emission rates are calculated using Eq (7), as presented below where the grams 
of heavy metal present in the welding fumes are quantified by the wet chemistry analysis (ICP-
AES) or portable XRF analyzer, and it is divided by the arc time, 
 
𝐻𝑒𝑎𝑣𝑦 𝑀𝑒𝑡𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
𝑔 𝑜𝑓 ℎ𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙
𝑎𝑟𝑐 𝑡𝑖𝑚𝑒
 (
𝑔
𝑚𝑖𝑛
)                                                               (7) 
 
The heavy metal EFs are calculated using Eq (8), as given below. Furthermore, the grams of heavy 
metal and the grams of electrode consumed are calculated in the same method as described above. 
 
𝐻𝑒𝑎𝑣𝑦 𝑀𝑒𝑡𝑎𝑙 𝐸𝐹 =  
𝑔 𝑜𝑓 ℎ𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙
𝑔 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 (
𝑔
𝑔
)                                                                            (8) 
 
4.2 Experimental Design 
Fume chamber calibration: Before starting the actual experiments in this research, fume chamber 
calibration experiments are performed to check whether the whole setup complies with the 
American Welding Society (AWS) standards (AWS F1.2:2013). The process and operational 
parameters used in these experiments are as shown in Table 10. 
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Table 10. AWS recommended calibration experiments Source: AWS, 2013 
Process/operational parameter Description 
Electrode AWS A5.18 ER70S-3, 0.045 in diameter 
Wire feed speed 300 in/min 
Arc voltage 28, 26, 24 
Polarity Direct current electrode positive (DCEP) 
Contact tip-to-work distance ¾ in (19 mm) 
Drag angle 10 degrees 
Work angle 0 degrees 
Shielding gas Carbon dioxide (CO2) 
Shielding gas flow rate 35 ft3/hr 
Welding speed 14 in/min 
Base metal A36 steel 
Base metal thickness 13 mm 
 
The mild steel and stainless steel base metals are selected for this research as they are most widely 
used in the shipbuilding industry. The whole experimental design is divided into steps as discussed 
below: 
 
Step 1: In the first step, the FFRs and total fume EFs are calculated for both the mild steel and 
stainless steel by changing various process and operating conditions. The parameters that 
contribute most to the fume formation are selected and the second set of experiments are conducted 
to quantify heavy metal emission rates and EFs as discussed in the second step. 
 
Mild Steel 
The AH 36 shipbuilding steel with 8 mm thickness and 300 mm diameter is selected as the base 
metal, and the ER70S-6 with 1.2 mm diameter is selected as the electrode for this design. The 
work angle, drag angle, shielding gas flow rate, and polarity is kept constant, as they do not 
influence the fume formation much. Current, voltage, shielding gas, CTWD, and welding speed 
are selected in two different levels, with an intention to check which combinations of these 
variations, can influence the fume formation rate to a greater extent. The five parameters, with two 
levels of each, results in 32 different experiments as shown in Table 11. 
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Table 11. Mild steel experimental design 
S.NO Current Voltage Welding speed Shielding gas CTWD 
1 Low Low Low 1 Low 
2 Low High Low 1 Low 
3 Low Low Low 2 Low 
4 Low High Low 2 Low 
5 Low Low Low 1 High 
6 Low High Low 1 High 
7 Low Low Low 2 High 
8 Low High Low 2 High 
9 Low Low High 1 Low 
10 Low High High 1 Low 
11 Low Low High 2 Low 
12 Low High High 2 Low 
13 Low Low High 1 High 
14 Low High High 1 High 
15 Low Low High 2 High 
16 Low High High 2 High 
17 High Low Low 1 Low 
18 High High Low 1 Low 
19 High Low Low 2 Low 
20 High High Low 2 Low 
21 High Low Low 1 High 
22 High High Low 1 High 
23 High Low Low 2 High 
24 High High Low 2 High 
25 High Low High 1 Low 
26 High High High 1 Low 
27 High Low High 2 Low 
28 High High High 2 Low 
29 High Low High 1 High 
30 High High High 1 High 
31 High Low High 2 High 
32 High High High 2 High 
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Table 12. Mild steel experimental parameters  
Current, amps 
High 270 
Low 180 
   
Voltage, volts 
High  26 
Low 22 
  
Shielding gas 
1 Ar+10 CO2 
2 Ar+25 CO2  
  
CTWD, mm 
High  20 
Low 10 
   
Welding speed, cm/min 
High  65 
Low 35 
 
Stainless steel 
The 316 L shipbuilding steel with 8 mm thickness, and 300 mm diameter is selected as a base 
metal, and ER316Li with 1.2 mm diameter is selected as the electrode for this design. The work 
angle, drag angle, shielding gas flow rate, and polarity is kept constant, and the current, voltage, 
shielding gas, CTWD, and welding speed are selected in two levels for each parameter 
respectively. The full factorial design is used to design the experiments. The five parameters with 
two levels of each result in 32 different experiments as shown in Table 13. 
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Table 13. Stainless steel experimental design 
S.NO Current Voltage Welding speed Shielding gas CTWD 
1 Low Low Low 1 Low 
2 Low High Low 1 Low 
3 Low Low Low 2 Low 
4 Low High Low 2 Low 
5 Low Low Low 1 High 
6 Low High Low 1 High 
7 Low Low Low 2 High 
8 Low High Low 2 High 
9 Low Low High 1 Low 
10 Low High High 1 Low 
11 Low Low High 2 Low 
12 Low High High 2 Low 
13 Low Low High 1 High 
14 Low High High 1 High 
15 Low Low High 2 High 
16 Low High High 2 High 
17 High Low Low 1 Low 
18 High High Low 1 Low 
19 High Low Low 2 Low 
20 High High Low 2 Low 
21 High Low Low 1 High 
22 High High Low 1 High 
23 High Low Low 2 High 
24 High High Low 2 High 
25 High Low High 1 Low 
26 High High High 1 Low 
27 High Low High 2 Low 
28 High High High 2 Low 
29 High Low High 1 High 
30 High High High 1 High 
31 High Low High 2 High 
32 High High High 2 High 
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Table 14. Stainless steel experimental parameters  
Current, amps 
High 240 
Low 160 
  
Voltage, volts 
High  26 
Low 22 
  
Shielding gas 
1 Ar+1 O2 
2 Ar+2 O2  
  
CTWD, mm 
High  20 
Low 10 
   
Welding speed, cm/min 
High  65 
Low 35 
 
Step 2: The results from step 1 indicate current, and voltage are the significant contributors in the 
fume formation process. Therefore, the heavy metal analysis design is based on working with these 
parameters and observe the variation in the heavy metal emissions generated with changes in 
current and voltage. The heavy metal quantification is performed using two different techniques 
a) wet chemistry analysis (ICP-AES based on EPA 6010 method), b) portable XRF analyzer. The 
purpose is to check the feasibility of using portable XRF analyzer in quantifying the welding 
fumes. The reason behind minimizing the experiments for heavy metal analysis is due to lack of 
funding. The experimental design for both mild and stainless steel is as shown in Table 15.  
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Table 15. Heavy metal experimental design 
S.NO Current Voltage Shielding gas CTWD Welding speed 
1 Low Low 1 High Low 
2 Low High 1 High Low 
3 High  Low 1 High Low 
4 High High 1 High Low 
 
4.3 Experimental Parameters 
Mild steel: 
Constant parameters 
Base metal: AH 36 shipbuilding steel (8 mm thickness and 300 mm diameter) 
Electrode: ER70S-6 (1.2 mm thickness) 
Work angle: 0 degrees 
Drag Angle: 10 degrees 
Shielding gas flow rate: 35 ft3/hr 
Polarity: DCEP 
 
Variable parameters 
Current: 180A, 270A 
Voltage: 22V, 26V 
Welding speed: 35 cm/min, 65 cm/min 
Shielding gas: Ar+10 CO2, Ar+25 CO2 
CTWD: 10 mm, 20 mm 
 
Stainless steel: 
Constant parameters 
Base metal: 316L (8 mm thickness and 300 mm diameter) 
Electrode: ER316Li (1.2 mm thickness) 
Work angle: 0 degrees 
Drag Angle: 10 degrees 
Shielding gas flow rate: 35 ft3/hr 
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Polarity: DCEP 
 
Variable parameters 
Current: 160A, 240A 
Voltage: 22V, 26V 
Welding speed: 35 cm/min, 65 cm/min 
Shielding gas: Ar+1 O2, Ar+2 O2 
CTWD: 10 mm, 20 mm 
 
The various parameters in this research are measured/noted as follows: 
Welding speed: The welding speed is determined by measuring the circumference of the weld bead 
on the base plate using a rope and consequently measuring the length with a ruler. Then, the 
measured length is divided by the arc time to determine the welding speed. 
   
Current: The clamp meter is used to measure the current readings during each experimental run. 
A mobile camera is used to record a video of the clamp meter during the welding process as shown 
in Figure 4. When welding is performed, the current readings change rapidly, and it is very 
challenging to look at the video and log the readings for each experimental run. To overcome this 
issue, the recorded video is opened in the VLC media player that has an option to take the 
screenshots from a running video per second or faster. Then, the current readings are manually 
entered into an excel spreadsheet by looking at the screenshots. All the values are then averaged 
to get one reading for each experimental run.  
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Figure 4: Mobile phone to record video of the clamp meter 
 
Voltage: As the welding machine used in this research has a constant voltage supply mechanism, 
the voltage is set on the equipment and noted before starting the experiment. 
 
Shielding gas and flow rate: The shielding gas is manually entered in an excel spreadsheet for each 
experimental run, and the flow rate is maintained constant throughout all the experiments.  
 
Arc time: The arc time is measured using a stopwatch for each experimental run. 
 
Blower flow rate: Blower flow rate is fixed before starting each experiment, and the reading is 
noted. It is also noted after the sampling. 
 
Base metal and Electrode: The type of base plate and electrode used along with the thickness are 
noted before starting the experiment. 
 
CTWD: First, the electrode extension is measured using a ruler and then, the welding torch is 
placed inside the chamber through one of the hand holes by leaving a 1- or 2-mm distance between 
the electrode tip and the workpiece. Now, the torch is held firmly to keep the CTWD constant 
throughout the experiment. For example, if the CTWD is determined to be 20 mm, the electrode 
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extension should be kept at 18 mm and leaving 2 mm distance between the electrode tip and the 
base plate thus making the CTWD equal to 20 mm.  
 
The weight of the filter: The initial weight of the filter is measured using a weighing balance before 
sampling. The final weight of the filter is measured after the experiment. 
 
4.4 Experimental Procedure 
A step by step process for conducting each experiment include: 
1. The filter is placed in an oven for 1 hour at 93 0C – 107 0C 
2. The weld fume chamber is cleaned from inside before the start of each experimental run to 
remove any fume buildup on the walls of the chamber.  
3. The chamber is turned on, the blower flow rate and turntable speed are fixed  
4. The base metal is cleaned and placed inside the chamber  
5. After one hour, the initial weight of the filter is measured and noted 
6. The pre-weighed filter is placed in the filter casing and clamped down; then the filter casing 
is placed inside the chamber 
7. Welding machine, necessary steps are taken before turning on the machine  
a. Always stand away when opening the gas cylinder 
b. Making sure all the connections are secured (ground and all other cables) 
c. Making sure the wire has proper tension. To do this shoot the gun in hand with 
gloves and see if the wire makes a curl  
d. Making sure the nozzle is clean 
e. Making sure the current tip is not damaged 
8. Once the machine is turned on, the voltage and the wire feed speed are fixed  
9. Make a note of all the experimental parameters in a spreadsheet (base metal & thickness, 
filler metal & thickness, shielding gas, shielding gas flow rate, wire feed speed, voltage, 
blower flowrate, CTWD) 
10. The clamp meter is attached to the welding wire to capture current readings 
11. Making sure the gloves, jacket, helmet, and mask are worn 
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12. The welding torch is placed inside the chamber through one of the hand holes, and the 
welding process is initiated, the start time is noted 
13. The experiment is stopped after the desired experimental time, and the final time is noted. 
A minimum flow rate of 25 CFM is maintained as recommended by AWS F1.2:2013 to 
capture all the welding fumes without any fugitive emissions from the chamber.  
14. The filter is left inside the chamber for a few minutes after the termination of welding to 
capture all the fumes generated during the process 
15. The filter is taken out and put in the oven for 1 hour at 93 0C – 107 0C 
16. The final weight of the filter is measured and noted  
17. Finally, making sure all the connections are disabled, turning off the gas cylinder, blower, 
and the welding machine 
 
4.5 Materials 
4.5.1 Weld Fume Chamber 
A weld fume chamber used to capture the welding emissions is constructed by Delweld Industries 
Corporation in Stoystown Pennsylvania according to the American Welding Standards F1.2:2006 
requirements as shown in Figure 5. However, there are few modifications to this weld fume 
chamber design which include a reduced filter and support screen cross-sectional area. It is 
designed to capture fume generated during welding process on an eight-inch diameter filter. The 
reason behind reducing the filter cross-sectional area in this design is because of the availability 
of glass fiber filters (widely used in high volume samplers in 8”x10” size) which are capable of 
capturing greater than 99.9% of 0.3 µm particles.  This made a need to modify the filter cross-
section from 12” to 8”.  The pictures of the weld fume chamber used in this research are as shown 
in Figure 6. 
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Figure 5: Schematic of weld fume chamber. Source: AWS, 2013 
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Figure 6: Weld fume chamber used in this research 
 
The weld fume chamber as shown in Figure 6 is mounted on four wheels that can be easily moved 
from one location to another. The fume chamber is divided into two parts: 1) the conically shaped 
part, where the welding process is initiated, and where the fumes are captured on the top of this 
part by using a filter support screen. 2) the part that is beneath the conically shaped part where the 
blower, other apparatus is placed. The chamber as illustrated in Figure 6 contains two hand holes 
and a sight glass portal for viewing on the conically shaped part. The welding torch can be placed 
through one of the hand holes allowing for welding to be performed without disturbing the 
capabilities of the weld fume chamber. The welder can view the process through the sight glass 
portal during the welding. A filter is placed on a filter casing on top of the conically shaped part 
to collect the fumes generated during the welding. The filter casing is taken out, and the pre-
weighed filter is placed inside the casing and clamped down. The casing is then inserted in the 
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fume chamber at the hinged opening of the chamber that is on top of the conically shaped part. 
The conically shaped part can be lifted using the holders attached to it where one can see the 
turntable as shown in Figure 6. The base metal used in the welding is placed on the turntable, and 
then the conically shaped part is closed to initiate the welding through one of the hand holes. Once 
the welding is done, the conical part is lifted, and the inner surface of the conically shaped part 
and the turntable is cleaned, then the next run is initiated. Furthermore, a blower is placed at the 
bottom of the conically shaped part that can suck the fumes generated during the welding through 
the exhaust duct at a variable flow rate; the suction starts from the top of the chamber where the 
filter is placed. An air gap was maintained between the turntable and the conically shaped part so 
that ambient air can be drawn into the weld fume chamber pushing the fume towards the filter.  
 
Other apparatus in the chamber consists of an on/off switch for the control panel, a variable 
frequency drive to control the blower flow rate, an on/off switch, a rotational direction switch for 
the welding turntable, a volumetric air flow gauge reading in cubic feet per minute (CFM) for air 
flow drawn into the chamber, and a pressure drop gauge measuring pressure differential across the 
filter, as shown in Figure 7. 
 
 
Figure 7: Weld fume chamber controllers 
 
It should be noted that other than the restricted cross-section of the filter and support screen, all 
other design dimensions are maintained as defined by AWS F1.2:2006 standards. 
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4.5.2 Portable X-ray fluorescence spectrometer 
The portable X-ray fluorescence spectrometer (Model: Delta professional) manufactured by 
Olympus America Inc. is used in this research to quantify the heavy metals present in the welding 
fumes, as shown in Figure 8. X-ray fluorescence spectroscopy is used to determine the elemental 
composition quantitively on various materials such as the alloys, soils, and dust wipes (filters). 
The applications include petroleum industry, power plants, aerospace and automotive, and 
environmental. The instrument at UNO lab has two modes viz., soil and filter. This research 
focuses on the filter analysis, so the instrument is always run on the filter analysis mode. The filter 
analysis mode can measure multiple elements simultaneously on the filters, the elements include 
titanium (Ti), chromium (Cr), manganese (Mn), iron (Fe), nickel (Ni), cobalt (Co), copper (Cu), 
zinc (Zn), mercury (Hg), arsenic (As), lead (Pb), selenium (Se), rubidium (Rb), strontium (Sr), 
molybdenum (Mo), silver (Ag), cadmium (Cd), tin (Sn), antimony (Sb), barium (Ba).  
 
 
Figure 8: Portable XRF analyzer 
 
The portable XRF analyzer runs on battery and is portable. The instrument has an inbuilt software, 
and output is given in parts per million or percentage or µg/cm2. Once the analysis is done, the 
results can be extracted using the software and exported to the computer. The analysis is done 
using the workstation where the instrument is mounted upside down, and the sample is placed 
close to the window of the instrument, as shown in Figure 9. The workstation has the lead shielding 
to shield the radiation emitted by the instrument, as recommended by the manufacturer.  
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Figure 9: XRF with the workstation 
 
The XRF analyzer emits ionizing radiation that could be prejudicial to human health, so all the 
experiments are conducted by wearing a dosimeter badge to the collar of the shirt. This badge 
records the accumulated radiation exposure over a specific period. Then, the badges are sent to the 
Louisiana Department of Environmental Quality (LDEQ) for the exposure assessment. 
 
Advantages of XRF analyzer: 
• Non-destructive analysis 
• Faster results 
• Good accuracy for particles <10 μm in size 
• Measures a wide range of elements and concentrations in many different types of materials 
• Low-cost compared to other techniques 
• Portable and easily transported to job sites 
• Qualitative and quantitative multi-element analysis 
• Little or no sample preparation required 
• Reduce the time and cost of regulatory compliance 
• The principal advantage is rapid field analysis and ease of use 
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4.5.3 Welding machine  
The Millermatic 252 welding machine manufactured by Miller Inc., is used in this research as 
shown in Figure 10. It is a constant voltage supply machine where the voltage can be set on the 
machine; the wire feed speed can also be fixed in the machine, as shown in Figure 11. The shielding 
gas is externally supplied by a cylinder attached to the machine during welding. 
 
 
Figure 10: Welding machine (side view) 
 
 
Figure 11: Welding machine (front view) 
 
Contact tip and gas nozzle 
The contact tip is used to transfer the current from the welding machine to the welding wire. It is 
attached to the welding gun, and the welding wire is passed through the contact tip. The contact 
tip with 0.045-inch diameter hole is used in this research as shown in Figure 12. A gas nozzle is 
used to pass the shielding gas from the welding gun to the workpiece as shown in Figure 13; it is 
attached to the welding gun. The nozzle is taken out after each run to remove any metal buildup. 
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Figure 12: Contact tip 
 
 
Figure 13: Gas nozzle 
 
Shielding gas  
The following shielding gas compositions were used in this research 
• Ar+10 CO2 (Mild steel) 
• Ar+25 CO2 (Mild steel) 
• Ar + 1 O2 (Stainless steel) 
• Ar + 2 O2 (Stainless steel) 
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• CO2 (Calibration experiments) 
 
The gas cylinders are purchased from the Industrial Gas and Supply in New Orleans, LA.  
 
4.5.4 Oven 
The oven, as shown in Figure 14, is used in this research to condition the filters before and after 
each experimental run. The oven’s temperature is set in between 93 0C and 107 0C for all the 
experiments. 
 
  
Figure 14: Oven used in this research 
 
4.5.5 Weighing Balance 
A weighing balance is used to measure the weight of filters before and after sampling. The readings 
measured are then used to calculate the FFR and total fume EFs. 
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Figure 15: Weighing balance 
 
4.5.6 Base metals & electrodes 
The following base metals are used in this research 
• A 36 
• AH 36 (mild steel) 
• 316 L (stainless steel) 
 
The A 36 mild steel is used only for the fume chamber calibration experiments as recommended 
by AWS F1.2:2013.  The AH 36 mild steel which is extensively used at the shipyards is selected 
for this research. The 316 L stainless steel is selected as the second base metal in this research. All 
the base plates are cut in circles with 300 mm diameter and 8 mm thickness. The welding beads 
are performed on the base plates to compute the FFR, total fume EFs, heavy metal emission rates, 
and EFs as shown in Figure 16. The chemical composition of the base plate is attached in Appendix 
A. All the base plates are cleaned with the alcohol wipes to remove any surface contaminants 
before the welding process is initiated.  
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Figure 16: AH 36 plate with a welding bead 
 
Electrodes (filler metal): AWS A5.18 ER70S-3, ER70S-6, and ER316L electrodes are used in this 
research for base plates A36, AH36, and 316L respectively. All the electrodes are 1.2 mm (0.045 
in) in diameter. The chemical composition of these electrodes is attached in Appendix A.     
 
4.5.7 Filters  
Glass fiber filters are used to capture the fumes and compute the FFR, total fume EFs, and heavy 
metal emission rates and EFs. These filters have been used by many other researchers to do a 
similar procedure. All the filters are bought in circles with 205 mm diameter. The filters are 
attached to the filter cassette and put it in the weld fume chamber to collect the welding fumes, as 
shown in Figure 17. 
  
 
Figure 17: Filter cassette 
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4.5.8 Clamp meter 
AIMO MS2108A auto range digital clamp meter is used for logging current readings for all the 
experimental runs in this research. This instrument can measure the current up to 400 amps which 
are suitable for our experiments. The instrument used in this research is as shown in Figure 18.  
 
 
 
Figure 18: Clamp meter used in this research 
 
4.5.9 Ziplocs & other safety materials 
Ziplocs are used to put the filters before and after each experiment to avoid any moisture contact. 
The filters are kept in the Ziplocs after taking the final weight and are safely secured. In case of 
heavy metal analysis, the Ziplocs are put in an airtight bag and safely transported to the lab for 
subsequent analysis. The experimental details are noted on the Ziplocs for  future reference. A few 
pictures of the Ziplocs with filters are shown in Figure 19. 
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Figure 19: Filters kept in the Ziplocs 
 
Other materials: The gloves, helmet, and jacket are used by the welder while performing the 
experiments for safety purpose, as shown in Figure 20.  
 
 
Figure 20: Helmet, gloves, and jacket worn by the welder 
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5. Results and Discussion 
The main objective of this research is to evaluate the total fume and heavy metal emissions and 
their variations by changing process and operating parameters during GMAW welding. The 
following variables are calculated in this research and presented in the results section: 
• Total fume 
o Fume formation rate (grams of fume emitted/welding arc time, min) 
o Emission factor (grams of fume emitted/kilograms of electrode consumed) 
• Heavy metals 
o Emission rate (grams of heavy metal emitted/ welding arc time, min) 
o Emission factor (grams of heavy metal emitted/kilograms of electrode consumed)  
 
It must be noted that the emission rates and emission factors determined in this research correspond 
to uncontrolled emissions since samples are collected prior to applying any emission controls. The 
chemical composition of base metal and electrodes are attached in Appendix A. The arc time along 
with initial and final weights for each experimental run is attached in Appendix B, the detailed 
results of statistical analysis performed for this data are presented in Appendix C, the calculations 
for cancer and non-cancer risks are attached in Appendix D, and the heavy metal analysis results 
from the wet chemistry method (ICP) are attached in Appendix E. 
 
5.1 Fume Chamber Calibration Results 
Prior to the start of actual experiments, a set of calibration experiments are performed as 
recommended by the AWS standards (AWS F1.2:2013) to check if the UNO weld fume chamber 
is in compliance. The calibration results are presented in Table 16. 
 
Table 16. Mild steel FFR and total fume EFs 
Voltage, 
V 
Wire feed 
speed, 
in/min 
Shielding 
gas 
Shielding gas 
flowrate, 
CFH 
Welding 
speed, 
mm/sec 
CTWD, 
mm 
UNO 
Chamber-
FFR (g/min) 
AWS-
FFR 
(g/min) 
24 300 CO2 35 6 19 0.28 0.32 
26 300 CO2 35 6 19 0.42 0.46 
28 300 CO2 35 6 19 0.56 0.61 
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The FFR results from the UNO weld fume chamber are in ±10% deviation from the AWS results, 
showing compliance with the AWS standards. 
  
5.2 Step 1: FFR and Total Fume Emission Factors 
5.2.1 Mild steel results 
The mild steel total fume results are presented in Table 17. The FFR and total fume EFs are 
calculated for all experimental scenarios. Table 17 presents the average scenarios of three 
experimental runs for FFR and EFs. 
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Table 17. Mild steel FFR and total fume EFs 
S.NO Current Voltage Welding Speed Shielding Gas CTWD FFR, g/min EF, g/kg 
1 Low Low High 2 Low 0.289 7.091 
2 High Low High 2 High 0.395 5.037 
3 Low Low Low 1 Low 0.284 6.959 
4 High High High 2 High 0.490 6.243 
5 Low High Low 1 High 0.339 8.315 
6 Low High High 1 High 0.296 7.248 
7 High Low High 2 Low 0.391 4.986 
8 Low High High 1 Low 0.417 10.219 
9 Low High Low 1 Low 0.377 9.238 
10 Low Low High 1 High 0.143 3.515 
11 High Low Low 1 High 0.258 3.291 
12 Low High Low 2 High 0.400 9.811 
13 High High Low 1 High 0.475 6.048 
14 Low High High 2 Low 0.390 9.568 
15 Low High Low 2 Low 0.408 10.007 
16 High High Low 2 High 0.405 5.160 
17 High High Low 2 Low 0.340 4.333 
18 Low Low Low 2 High 0.237 5.805 
19 Low Low High 2 High 0.225 5.518 
20 High High High 1 Low 0.450 5.733 
21 Low Low High 1 Low 0.220 5.396 
22 High High Low 1 Low 0.402 5.118 
23 Low Low Low 2 Low 0.213 5.232 
24 Low Low Low 1 High 0.190 4.660 
25 Low High High 2 High 0.323 7.930 
26 High High High 2 Low 0.497 6.328 
27 High High High 1 High 0.437 5.564 
28 High Low Low 1 Low 0.260 3.319 
29 High Low Low 2 Low 0.310 3.950 
30 High Low Low 2 High 0.362 4.608 
31 High Low High 1 Low 0.361 4.595 
32 High Low High 1 High 0.317 4.035 
 
The mild steel total fume EFs using ER70S-6 electrode ranged between 3.29 and 10.21 g/kg of 
electrode consumed, the average total fume emission factor is 6.08 g/kg of electrode consumed, 
while the USEPA GMAW EF (250 A & 29.3 V) for the ER70S-6 electrode is 5.2 g/kg of electrode 
consumed, and Keane et al., 2016 has the EF of 6.4 g/kg of electrode consumed. The total fume 
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EFs developed in this research are very close to the literature values. Since the EFs developed in 
this study is conducted using sound methodology with good documentation; the generated data 
can be used by the USEPA to update the AP-42 emission factor inventory. 
 
5.2.1.1 Statistical Analysis 
One of the main objectives of this research is to evaluate the total fume emissions and its variation 
by changing various operating parameters in GMAW. To achieve this objective, analysis of 
variance (ANOVA) is employed on the mild steel FFR data to see the influence of the operating 
parameters on the fume formation process. Prior to applying the ANOVA statistical method, box 
plots are plotted for each parameter against the FFR data as shown in Figure 21. 
 
 
Figure 21: Mild steel operating parameters box plots  
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The levels 1 and 2 in the above figure represents two levels (High and Low) for each operating 
parameter used in this research. As can be observed in Figure 21, the operating parameters viz., 
current, voltage, welding speed, shielding gas, and CTWD shows a significant difference in FFR. 
In few box plots, one can see there is a very less marginal difference between levels 1 and 2; this 
is because all the parameters are clubbed together in plotting these graphs, if we clear individual 
parameters from the plots, then we can see a significant difference.  
 
ANOVA is performed to examine the effects of operating parameters on FFR, and it is based on 
a general linear model with a 95% confidence level. Table 18 presents the ANOVA results for 
mild steel fume results. 
 
Table 18. Mild steel ANOVA results             
Operating parameters Degrees of freedom Sum of squares Mean squares F value p-Value  
Current 1 0.18341 0.18341 99.809 3.35E-16 
Voltage 1 0.37065 0.37065 201.704 < 2.2e-16 
Welding speed 1 0.01362 0.01362 7.412 7.79E-03 
Shielding gas 1 0.01912 0.01912 10.403 1.76E-03 
CTWD 1 0.00944 0.00944 5.136 2.59E-02 
Current*CTWD 1 0.0307 0.0307 16.706 9.54E-05 
Residuals 89 0.16355 0.00184   
 
The null hypothesis in ANOVA: There is no statistically significant difference between group 
means against the response variable. F values in variance analysis must exceed F critical values 
(taken from F-distribution tables) to be significant according to the null hypothesis. According to 
the null hypothesis, the p-value should be less than 0.05 to reject the null hypothesis and conclude 
there is a statistically significant difference between the groups.  
 
The mild steel ANOVA results indicate current, voltage, welding speed, shielding gas, and CTWD 
have a statistically significant effect on FFR. The F critical values for 95% confidence level is 3.95 
(df1=1, df2=89). Based on the F critical value, all the terms in the analysis are found to be 
significant. By looking at the sum of squares and F values, current and voltage are found to be the 
most contributing parameters in the formation of fumes. The overall model from ANOVA analysis 
has an R2 value of 0.79 and p-value of <2.2*10-16, which is significant.     
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The following conclusions are made from the mild steel ANOVA results:  
 
Current: The ANOVA results indicate that there is a statistically significant difference between 
two levels of current on FFR. The p-value (3.35*10-16) shows current is highly significant. As 
explained in the literature review section, FFR is highly influenced by the current intensity, many 
researchers have found current is a significant contributor in fume formation process (Xin et al., 
2001; Kou, 2003; Pires et al., 2006; Pires et al., 2007; Pires et al., 2010; Mert, 2017). Fume 
emissions increase with the increase in the current intensity; as the current increases, the higher 
the energy of the arc and the higher temperature that leads to the formation of more metal vapor. 
Two levels of current viz., 180 and 260 A are used in this research, as seen in Figure 21, the means 
of 260 A results are more compared to 180 A results. However, this trend may not be linear as we 
increase the current because the fume emissions are dependent on the metal transfer modes in 
GMAW which is out of the scope of this research. 
      
Voltage: The fume emissions in GMAW process increases with the increase in voltage. It is evident 
from Figure 21 that, as we increase the voltage from 22 to 26 volts, there is a significant rise in 
fume emissions. The ANOVA results show a statistically significant difference between two levels 
of voltages against FFR. Also, the p-value (< 2.2*10-16) indicates voltage is highly significant. The 
increase in voltage leads to an increase in the heat input that increases the amount of fumes 
generated. Many researchers have found a greater change in fume emissions with the changes in 
voltage (Xin et al., 2001; Pires et al., 2006; Pires et al., 2007; Pires et al., 2010). 
 
Welding speed: The welding speed also shows a statistically significant effect on FFR in this 
research. Prior researches indicated the decrease in fume rate by about 5% when the speed is 
increased by a factor of 2 (Albert, 1996; Heile & Hill, 1975). A study by Tolga Mert in 2017 
indicated the welding speed has a statistically significant effect on FFR and the results indicate a 
minor influence (Mert, 2017) . The results from this research also indicate the welding speed has 
a significant effect on FFR with a p-value of 7.79*10-3 (<0.05). 
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Shielding gas: Shielding gas has a significant influence in fume formation process during GMAW. 
The fume emissions increase with the increase in active components (CO2 and O2) in the shielding 
gas compositions (Pires et al., 2006; Pires et al., 2007; Pires et al., 2010, Mert, 2017). The reactive 
gases CO2 and O2 are inert at room temperature. However, these gases become reactive with the 
high temperature during the welding process, thus generating more fumes (Kou, 2003). The 
ANOVA results show a statistically significant effect on FFR (p-value = 1.76*10-3).      
 
CTWD: The CTWD can influence the fume formation process to a minor extent (Quimby, 1998). 
If the CTWD is increased,  this leads to an increase in resistance, thus lowering the current and 
consequently emitting fewer fumes and vice versa (Armao et al., 2014). The CTWD has a 
significant effect on FFR in the mild steel ANOVA results (p-value = 2.59*10-2). 
 
Current and CTWD interaction: As discussed above, current and CTWD are related to each other, 
and the mild steel fume results found this interaction term to be significant (p-value =  9.54*10-5). 
 
Model verification 
The residual scatter plots are plotted with predicted values on X-axis and residuals on Y-axis. The 
purpose of this plot is to see if there are any clear patterns.  
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Figure 22: Residual scatter plot-MS FFR results 
 
As can be observed in Figure 22, the residuals are randomly scattered about a horizontal line 
through zero. Therefore, there are no clear patterns that can be found suggesting the model fits 
well with the data.  
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Figure 23: Residual scatter for individual parameters-MS FFR results 
 
The residual scatter plots with individual parameters are also presented to determine if any patterns 
can be revealed. As can be observed in Figure 23, the residuals are randomly scattered along a 
horizontal line in all the plots shown above. Therefore, there are no clear patterns seen in any of 
the plots.  
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5.2.2 Stainless steel results 
The mild steel experimental results are presented in Table 19. The FFR and total fume EFs are 
calculated for all experimental scenarios. The FFR and total fume EFs data presented in Table 19 
are the averages of three experimental runs for each experimental scenario.  
 
Table 19. Stainless steel FFR and total fume EFs 
S.NO Current Voltage Welding speed Shielding gas CTWD FFR, g/min EF, g/kg 
1 Low High Low 2 Low 0.044 1.080 
2 Low Low Low 2 High 0.145 3.565 
3 Low Low Low 2 Low 0.145 3.558 
4 High Low Low 1 Low 0.227 2.927 
5 Low High High 1 Low 0.033 0.809 
6 Low Low High 1 High 0.105 2.569 
7 Low Low High 1 Low 0.114 2.786 
8 High High High 2 High 0.293 3.778 
9 High Low High 2 Low 0.268 3.463 
10 High Low High 2 High 0.246 3.170 
11 Low High High 2 Low 0.039 0.958 
12 Low Low High 2 High 0.141 3.464 
13 High High High 1 High 0.288 3.724 
14 Low High High 2 High 0.049 1.213 
15 High Low High 1 Low 0.268 3.462 
16 High High High 2 Low 0.341 4.399 
17 Low High High 1 High 0.030 0.747 
18 High High High 1 Low 0.304 3.918 
19 High Low High 1 High 0.217 2.800 
20 Low Low High 2 Low 0.124 3.052 
21 High High Low 1 High 0.384 4.957 
22 Low High Low 2 High 0.040 0.990 
23 High Low Low 2 Low 0.274 3.534 
24 High Low Low 1 High 0.275 3.544 
25 Low Low Low 1 High 0.155 3.806 
26 High High Low 1 Low 0.433 5.585 
27 Low High Low 1 High 0.039 0.968 
28 High High Low 2 High 0.381 4.922 
29 Low Low Low 1 Low 0.108 2.649 
30 High Low Low 2 High 0.259 3.344 
31 Low High Low 1 Low 0.032 0.795 
32 High High Low 2 Low 0.391 5.044 
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The stainless steel total fume EFs using ER316LSi electrode ranged between 0.75 and 5.59 g/kg 
of electrode consumed, the average total fume emission factor is 2.99 g/kg of electrode consumed, 
while the USEPA GMAW EF (190 A & 26.7 V) for the ER316LSi electrode is 3.2 g/kg of 
electrode consumed.  
 
5.2.2.1 Statistical Analysis 
To achieve a specific objective in this research, analysis of variance (ANOVA) is employed on the 
stainless steel FFR data to see the influence of the operating parameters on the fume formation 
process. Prior to applying the ANOVA statistical method, box plots are plotted for each parameter 
against the FFR data as shown in Figure 24. 
 
 
Figure 24: Stainless steel operating parameters box plots 
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The levels 1 and 2 in the above figure represents two levels (High and Low) of each operating 
parameter used in this research. As can be observed in Figure 24, the operating parameters viz., 
current, voltage show a significant difference in FFR. In welding speed, shielding gas box plots, 
one can see there is a very less marginal difference between levels 1 and 2, this is because all the 
parameters are clubbed together in plotting these graphs. If we clear out individual parameters, 
then we can see a significant difference in the plots.  
 
ANOVA is performed to examine the effects of operating parameters on FFR. ANOVA is based 
on a general linear model with a 95% confidence level. Table 20 presents the ANOVA results for 
stainless steel fume results. 
 
Table 20. Stainless steel ANOVA results 
Operating conditions Degrees of freedom Sum of squares Mean squares F value P value 
Current 1 1.27672 1.27672 1315.1383 < 2.2e-16 
Voltage 1 0.00546 0.00546 5.6198 0.0199676 
Welding speed 1 0.02178 0.02178 22.4327 8.395e-06 
Shielding gas 1 0.01205 0.01205 12.4162 0.0006809 
CTWD 1 0.00083 0.00083 0.8503 0.3590230 
Current*Voltage 1 0.16364 0.16364 168.5634 < 2.2e-16 
Current*CTWD 1 0.01639 0.01639 16.8814 8.972e-05 
Voltage*CTWD 1 0.00923 0.00923 9.5034 0.0027475 
Residuals 87 0.08446 0.00097   
 
The stainless steel ANOVA results indicate current, voltage, welding speed, and shielding gas 
have a statistically significant effect on FFR. The F critical values for 95% confidence level is 3.95 
(df1=1, df2=87). Based on the F critical value, all the terms in the analysis except CTWD are found 
to be significant. By looking at the sum of squares and F values, the current is found to be the most 
contributing parameter in the formation of fumes. The overall model from the ANOVA analysis 
has an R2 value of 0.95 and p-value of < 2.2*10-16, which is significant. The following conclusions 
are made from the stainless steel ANOVA results:  
 
Current: The ANOVA results indicate that there is a statistically significant difference between 
two levels of current on FFR. The p-value (< 2.2*10-16) shows current has a highly significant 
effect on FFR. As explained in the mild steel results, FFR is highly influenced by the current 
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intensity.  Two levels of current viz., 160 and 240 A are used in this research, as seen in Figure 
24, 240 A have more fume emissions compared to 160 A, however this trend may not be linear as 
we increase the current because the fume emissions are dependent on the metal transfer modes in 
GMAW which is out of scope of this research. 
      
Voltage: Voltage has a high influence in fume formation in GMAW as explained above. In Figure 
24, we can see there is not much significant difference between the two levels of voltage used for 
these experiments. This is because of lower emissions for low current and high voltage 
combinations. While performing the experiments with these combinations, a smooth arc sound is 
heard without generating significant spatter (very low fume emissions) is observed. The use of 
high-speed camera could help us to understand the reasons why fume generation is lower at these 
combinations. However, voltage still shows a statistically significant effect on FFR in the ANOVA 
analysis (Table 20), but the effect is not highly significant because of the above reason. If the low 
emission experiments are deleted from the ANOVA analysis, the voltage has shown a highly 
significant effect on FFR, and also box plot has shown a significant difference between two levels 
of voltage as shown below in Figure 25 and Table 21.  
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Figure 25: Stainless steel operating parameters box plots-omitting lowest fume results 
 
Table 21. Stainless steel ANOVA results-omitting lowest fume results 
Operating conditions Degrees of freedom Sum of squares Mean squares F value P value 
Current 1 0.48018 0.48018 672.5142 < 2.2e-16 
Voltage 1 0.11443 0.11443 160.2594 < 2.2e-16 
Welding speed 1 0.02736 0.02736 38.3169 4.55E-08 
Shielding gas 1 0.00217 0.00217 3.0335 0.08629 
CTWD 1 0.00142 0.00142 1.9931 0.16278 
Current*CTWD 1 0.00466 0.00466 6.5238 0.013 
Residuals 65 0.04641 0.00071   
 
As seen from the above table; current, voltage and welding speed have a significant effect on FFR. 
The overall model from the ANOVA analysis has an R2 value of 0.93 and p-value of < 2.2*10-16, 
which is significant. 
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Welding speed: The welding speed also shows a statistically significant effect on FFR in these 
experiments.  
 
Shielding gas: Shielding gas has a significant influence in fume formation process during GMAW 
as explained earlier. The ANOVA results show a statistically significant effect on FFR.      
 
CTWD: The CTWD can influence the fume formation process to a minor extent as explained 
earlier. The CTWD has an insignificant effect on FFR in stainless steel experiments. 
 
Current and Voltage: A small change in voltage can have a substantial change in current and can 
also influence fume emissions (Hughes, 2009). The voltage can influence the current, and the 
interaction between current and voltage found to be highly significant in this analysis with a p-
value of < 2.2e-16.  
 
Current and CTWD: As discussed above, current and CTWD are related to each other, and the 
mild steel fume results found this interaction term to be significant (p-value =  8.97*10-5). 
 
Voltage and CTWD: CTWD have a direct effect on the voltage. There will be minor differences 
in voltage as the CTWD is changed due to resistivity changes. 
 
Model verification 
The residual scatter plots are plotted with predicted values on X-axis and residuals on Y-axis. The 
purpose of this plot is to see if there are any clear patterns.  
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Figure 26: Residual scatter plot-SS FFR results 
 
As can be observed in Figure 26, the residuals are randomly scattered about a horizontal line 
through zero. Therefore, there are no clear patterns that can be found suggesting the model fits 
well with the data.  
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Figure 27: Residual scatter for individual parameters-SS FFR results 
 
The residual scatter plots with individual parameters are also presented to determine if any patterns 
can be revealed. As can be observed in Figure 27, the residuals are randomly scattered along a 
horizontal line in all the plots shown above. Therefore, there are no clear patterns seen in any of 
the plots.  
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5.3 Step2: Heavy Metal Emission Rates and Emission Factors 
One of the main objectives of this research is to a) quantify the heavy metal emissions from 
GMAW fumes, and also to see the variation in the heavy metal emissions by changing two of the 
most contributing parameters viz., current and voltage b) explore the feasibility of portable XRF 
analyzer in quantifying the welding fumes. These objectives are achieved by the experimental 
results from the ICP-AES and portable XRF methods. As explained in the methodology section, 4 
experimental scenarios are realized for each base metal (AH 36 & 316L) and run for twice to check 
the repeatability of results. The heavy metal results are computed from the methods mentioned 
above and presented in the following tables:  
 
The following variables are calculated for each experimental run: 
• µg of heavy metal present in the samples 
• heavy metal emission rates, µg/min 
• heavy metal emission factors, 10-1 g/kg of electrode consumed 
 
5.3.1 ICP-AES results 
The filters post the sampling procedure is safely handled and secured in Ziplocs and transferred to 
an airtight bag to avoid the contamination with the environment. They are safely transported and 
dropped off at the Pace analytical laboratories, St Rose, LA for heavy metal analysis. The lab gave 
the heavy metal results in micrograms of heavy metal present for each sample, and the results for 
all the experimental runs from the lab are attached in Appendix E.   
 
The following heavy metals are quantified in the welding fume samples based on EPA 6010 
method using ICP-AES analytical technique.  
• Chromium (Cr) 
• Cobalt (Co) 
• Lead (Pb) 
• Manganese (Mn) 
• Nickel (Ni) 
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It should be noted that the blank filter sample is sent for heavy metal analysis to check if the filter 
has any background metal concentration. The results presented in Tables 22 and 23 are subtracted 
from the blank sample results. The blank sample results from the lab are attached in Appendix E. 
For a better understanding of the results; the experiments are repeated twice for each scenario, 
where: 
• Experiment 1_1 and 1_2 represent low current and low voltage levels 
• Experiment 2_1 and 2_2 represent low current and high voltage levels 
• Experiment 3_1 and 3_2 represent high current and low voltage levels 
• Experiment 4_1 and 4_2 represent high current and high voltage levels 
 
Table 22. Mild steel - ICP-AES heavy metal results 
Heavy Metal 
µg/filter 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 27.90 17.60 10.30 11.50 14.40 14.80 12.80 19.60 
Cobalt ND ND ND ND ND ND ND ND 
Lead 8.4 9.4 7.8 8.3 4.1 4.3 10 10.9 
Manganese 6,453 6,473 3,423 3,663 5,123 5,853 6,243 6,663 
Nickel ND ND ND ND ND ND ND ND 
 µg/min 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 55.80 35.20 41.20 46.00 57.60 59.20 51.20 78.40 
Cobalt ND ND ND ND ND ND ND ND 
Lead 16.80 18.80 31.20 33.20 16.40 17.20 40.00 43.60 
Manganese 12,906 12,946 13,691 14,651 20,491 23,411 24,971 26,651 
Nickel ND ND ND ND ND ND ND ND 
 EF - 10
-1 g/Kg of electrode 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Cobalt ND ND ND ND ND ND ND ND 
Lead <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 
Manganese 3.17 3.18 1.74 1.87 5.03 5.74 3.18 3.40 
Nickel ND ND ND ND ND ND ND ND 
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The ICP-AES heavy metal results for mild steel (Table 22) shows: 
• The experimental scenario with high current and high voltage shows higher heavy metal 
emissions. 
• High levels of manganese are present in the mild steel fumes as the electrode (ER70S-6) 
has a high percentage of manganese (1.40-1.85%) present in it. The manganese emission 
rates are ranged between 12,906 and 26,651 µg/min. The manganese emission rate results 
indicate that there is more influence of current than the voltage in the formation of 
manganese in the fumes.    
• Chromium is detected in minute levels in the mild steel fumes. ER70S-6 has a meager 
percentage (0.15 max) of chromium in it. The chromium emission rates are ranged between 
35.20 and 78.40 µg/min. As seen from results, there is a high influence of current than the 
voltage in the formation of chromium in fumes. 
• Lead is detected in very minute levels in the mild steel fumes. The heavy metals cobalt and 
nickel are not detected in the mild steel fumes.  
• The heavy metal EFs determined in this research are close to the USEPA EFs. The USEPA 
EFs for manganese and chromium are 3.18 and 0.01 10-1 g/Kg of electrode respectively. In 
this research, the EFs for manganese are ranged between 1.74 and 5.74 10-1 g/Kg of the 
electrode; the chromium EFs are found to be 0.01 g/Kg of electrode.   
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Table 23. Stainless steel - ICP-AES heavy metal results 
Heavy Metal 
µg/filter 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 2,771 2,961 6,781 6,411 1,301 NA 11,591 9,591 
Cobalt 13.40 13.20 47.50 42.80 2.60 NA 78.10 63.50 
Lead 1.20 ND ND ND 1.60 NA ND ND 
Manganese 4,103 4,663 6,993 7,083 2,863 NA 7,833 7,163 
Nickel 2,540 2,530 7,980 7,160 470 NA 13,800 11,600 
 µg/min 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 5,542 5,922 13,562 12,822 2,602 NA 23,182 19,182 
Cobalt 26.80 26.40 95.00 85.60 5.20 NA 156.20 127.00 
Lead 2.40 ND ND ND 3.20 NA ND ND 
Manganese 8,206 9,326 13,986 14,166 5,726 NA 15,666 14,326 
Nickel 5,080 5,060 15,960 14,320 940 NA 27,600 23,200 
 EF - 10
-1 g/Kg of electrode 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 1.36 1.45 3.50 3.31 1.28 NA 5.99 4.95 
Cobalt 0.01 0.01 0.02 0.04 <0.01 NA 0.04 0.03 
Lead <0.01 ND ND ND <0.01 NA ND ND 
Manganese 2.01 2.29 3.61 3.66 2.81 NA 4.04 3.70 
Nickel 1.25 1.31 4.12 7.03 0.46 NA 7.13 5.99 
 
Note: The second sample of the experimental scenario “3” has been damaged during 
transportation. 
 
The ICP-AES heavy metal results for stainless steel (Table 23) shows: 
• The experimental scenario with high current and high voltage shows higher heavy metal 
emissions. 
• The experimental scenario with low current and high voltage is associated with a low 
emission as discussed in the earlier section.  
• High levels of nickel, chromium, and manganese are detected in the stainless steel fumes.  
• High levels of manganese are present in the mild steel fumes as the electrode (ER70S-6) 
has a high percentage of manganese (2-3%) present in it. The manganese emission rates 
are ranged between 5,726 and 15,666 µg/min. The manganese emission rate results indicate 
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that there is more influence of current than the voltage in the formation of manganese in 
the fumes.    
• High levels of chromium are detected in the stainless steel fumes. ER316LSi has a very 
high percentage (18-20) of chromium in it. The chromium emission rates are ranged 
between 2,602 and 23,182 µg/min. As seen from results, there is a high influence of current 
than the voltage in the formation of chromium in fumes. 
• Nickel is present in high levels in the stainless steel fumes. ER316LSi has a high percentage 
(11-14) of nickel in its composition. The nickel emission rates are ranged between 940 and 
27,600 µg/min. The nickel emission rate results indicate that there is more influence of 
current than the voltage in the formation of nickel in the stainless steel fumes.    
• Cobalt is present in very minute levels in the stainless steel fumes; lead is not present in 
the stainless steel fumes.  
• The heavy metal EFs determined in this research are close to the USEPA EFs. The USEPA 
EFs for manganese, chromium, and nickel are 2.45, 5.28 and 2.26 10-1 g/Kg of electrode 
respectively. In this research, the EFs for manganese are ranged between 2.01 and 4.04   
10-1 g/Kg of electrode, chromium is ranged between 1.28 and 5.99 10-1 g/Kg of electrode, 
and nickel is ranged between 0.46 and 7.13 10-1 g/Kg of electrode.  
 
Comparing the results from Table 22 and Table 23 we can conclude: 
• For both tables, the results with higher heavy metal emissions and EFs are for experiments 
4_1 and 4_2 with a high current and high voltage values.  
• Comparing the emission results with the electrode and base metal composition, it is clear 
that there is a direct influence in the fume emission and the composition of the material 
used. 
• The experimental results are very consistent with the EPA (1994) hazardous air pollutant 
(HAP) emission factor averages for both electrodes used as discussed earlier. 
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5.3.2 Portable XRF results 
The portable XRF analyzer is used to quantify heavy metals (Cr, Co, Mn, Ni, Pb) in welding fume 
samples. A glass fiber filter is used to capture welding fume samples for this analysis. A 
comprehensive literature review is done for the use of filter types with the XRF analysis, a few 
types of filters such as mixed cellulose ester (MCE), polyvinyl chloride (PVC), 
polytetrafluoroethylene (PTFE) membrane, polycarbonate, glass fiber, polypropylene (PPE) are 
used by various researchers in quantifying heavy metals in airborne particles collected on these 
filters. Most of the researchers found MCE is a suitable type of filter for the XRF analysis (Hill, 
2012; Nicholas et al., 2009; Morley, J.C et al., 1999; Harper, M et al., 2007; Harper, M et al., 
2006). Furthermore, NIOSH 7702 method recommends the use of MCE filters to quantify airborne 
particulate lead in personal exposure studies. The MCE filters are bought with various pore size 
ranges and tested in the weld fume chamber at UNO, and none of the filters are suitable for this 
study as these filters are completely restricting the flow in the chamber, so the glass fiber filters 
are used for the XRF analysis. Before the experiments, the XRF analyzer is tested on the glass 
fiber filters to see if there is any background concentration of heavy metals (Cr, Co, Mn, Ni, Pb) 
present on the filters, no metals are detected in the blank filters. 
 
The filter mode in the XRF analyzer is designed for trace metal analysis, so overloading of filters 
is not recommended for this analysis. A shorter arc time is employed for all the experimental runs 
not to overload the filters, and the details are attached in Appendix B.   
 
The filters post the sampling procedure are carefully taken, folded multiple times and tested for 
heavy metals at various locations on the filter paper using XRF analyzer in the workstation. The 
XRF outputs the average results for each metal detected at a particular location in the units of 
µg/cm2. The results from all the locations are averaged and multiplied with the area of the filter 
paper to calculate the micrograms of heavy metals present on the filter samples. The calculations 
are attached in Appendix B. 
 
Tables 24 and 25 present the results from the XRF analyzer for mild steel and stainless steel 
fume samples.  
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 Table 24. Mild steel - XRF heavy metal results 
Heavy Metal 
µg/filter 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium ND ND ND ND ND ND ND ND 
Cobalt ND ND ND ND ND ND ND ND 
Lead ND ND ND ND ND ND ND ND 
Manganese 897 943 1,666 1,706 1,966 1,962 2,044 2080 
Nickel ND ND ND ND ND ND ND ND 
 
µg/min 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium ND ND ND ND ND ND ND ND 
Cobalt ND ND ND ND ND ND ND ND 
Lead ND ND ND ND ND ND ND ND 
Manganese 7,684 8,084 14,282 14,627 16,854 16,821 17,523 17,825 
Nickel ND ND ND ND ND ND ND ND 
 EF - 10
-1 g/Kg of electrode consumed 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium ND ND ND ND ND ND ND ND 
Cobalt ND ND ND ND ND ND ND ND 
Lead ND ND ND ND ND ND ND ND 
Manganese 0.44 0.46 0.85 0.87 1.93 1.93 1.04 1.06 
Nickel ND ND ND ND ND ND ND ND 
 
The XRF heavy metal results for mild steel (Table 24) shows: 
• Only manganese metal is detected in the fumes.  
• The heavy metals chromium and lead are below the limits of detection (LOD) of the XRF 
analyzer, so are not detected in the analysis. 
• The experimental scenario with high current and high voltage shows higher heavy metal 
emissions. 
• High levels of manganese are present in the mild steel fumes as the electrode (ER70S-6) 
has a high percentage of manganese (1.40-1.85%) present in it. The manganese emission 
rates are ranged between 7,684 and 17,825 µg/min. The manganese emission rate results 
indicate that there is more influence of current than the voltage in the formation of 
manganese in the fumes.    
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• The heavy metal EFs determined in this analysis are low compared to the ICP analysis, but 
still close to the USEPA EFs. The USEPA EFs for manganese is 3.18 10-1 g/Kg of electrode 
respectively. In this research, the EFs for manganese are ranged between 0.44 and 1.93   
10-1 g/Kg of electrode.   
  
Table 25. Stainless steel - XRF heavy metal results 
Heavy Metal 
µg/filter 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 1,331 1,076 3,006 4,035 ND ND 5,983 4,578 
Cobalt ND ND ND ND ND ND ND ND 
Lead ND ND ND ND ND ND ND ND 
Manganese 1,118 977 2,048 1,987 483 453 2,665 2,135 
Nickel 1,088 834 2,889 3,273 ND ND 5,323 4,105 
  
µg/min 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 7,984 6,458 18,039 24,210 ND ND 29,916 27,468 
Cobalt ND ND ND ND ND ND ND ND 
Lead ND ND ND ND ND ND ND ND 
Manganese 6,709 5,865 12,291 11,920 2,898 2,717 13,327 12,808 
Nickel 6,525 5,007 17,333 19,640 ND ND 26,616 24,627 
  
EF - 10-1 g/Kg of electrode consumed 
1_1 1_2 2_1 2_2 3_1 3_2 4_1 4_2 
Chromium 1.96 1.58 2.30 3.08 ND ND 4.57 3.50 
Cobalt ND ND ND ND ND ND ND ND 
Lead ND ND ND ND ND ND ND ND 
Manganese 1.65 1.44 1.57 1.52 0.71 0.67 2.04 1.63 
Nickel 1.60 1.23 2.21 2.50 ND ND 4.07 3.14 
 
The XRF heavy metal results for stainless steel (Table 25) shows: 
• The experimental scenario with high current and high voltage shows higher heavy metal 
emissions. 
• The experimental scenario with low current and high voltage has low emissions as 
discussed in the earlier section. Only manganese is detected for this scenario with the XRF 
analysis as the other metals are below the LODs. 
• High levels of nickel, chromium, and manganese are detected in the stainless steel fumes.  
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• High levels of manganese are present in the mild steel fumes as the electrode (ER70S-6) 
has a high percentage of manganese (2-3%) present in it. The manganese emission rates 
are ranged between 5,865 and 13,327 µg/min. The manganese emission rate results indicate 
that there is more influence of current than the voltage in the formation of manganese in 
the fumes.    
• High levels of chromium are detected in the stainless steel fumes. ER316LSi has a very 
high percentage (18-20) of chromium in it. The chromium emission rates are ranged 
between 6,458 and 29,916 µg/min. As seen from results, there is a high influence of current 
than the voltage in the formation of chromium in fumes. 
• Nickel is present in high levels in the stainless steel fumes. ER316LSi has a high percentage 
(11-14) of nickel in its composition. The nickel emission rates are ranged between 5,007 
and 26,616 µg/min. The nickel emission rate results indicate that there is more influence 
of current than the voltage in the formation of nickel in the stainless steel fumes.    
• Cobalt and lead are not detected in the stainless steel fumes.  
• The heavy metal EFs determined in this analysis are low compared to the ICP analysis, but 
still close to the USEPA EFs. The USEPA EFs for manganese, chromium, and nickel are 
2.45, 5.28 and 2.26 10-1 g/Kg of electrode respectively. In this research analysis, the EFs 
for manganese are ranged between 0.67 and 2.04 10-1 g/Kg of electrode, chromium are 
ranged between 1.58 and 4.57 10-1 g/Kg of electrode, and nickel is ranged between 1.23 
and 4.07 10-1 g/Kg of electrode.  
 
5.3.3 Comparison of ICP-AES and XRF results 
The comparison of the portable XRF analyzer and ICP-AES results are presented in this section. 
The heavy metal emission rates (µg/min) are compared between these methods because different 
arc times are employed for XRF and ICP-AES heavy metal analysis sampling.  
 
As explained earlier, the portable XRF analyzer has higher LODs than ICP method. For this reason, 
the XRF analyzer is not able to detect the heavy metals with a lower concentration on the welding 
fume samples. In mild steel experiments, the XRF analyzer only detected manganese and not able 
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to detect chromium and lead. In stainless steel experiments, the XRF analyzer detected manganese, 
chromium, and nickel and not able to detect cobalt and lead.   
 
The following graphs present the comparison of the two methods and discuss the feasibility of 
using the XRF analyzer in quantifying the welding fumes.   
 
 
Figure 28: Comparison between XRF and ICP-AES-Manganese in mild steel fumes 
 
The above graph represents the comparison of manganese results with ICP-AES and XRF 
methods. A linear line is fitted to the data. The p-value of 0.012 (<0.05, we reject the null 
hypothesis) for the linear regression model indicates a significant relationship between the two 
methods. However, the model has a lower coefficient of determination (R2 = 0.68) that doesn’t 
indicate a strong linear relationship between the two methods. As seen in Figure 28, the XRF 
analyzer under detected the manganese values at higher concentrations compared to ICP-AES, so 
the trend line shifted toward the higher values lowering the coefficient of determination value. 
Whereas, at the lower concentration, the XRF analyzer readings are close to the ICP-AES readings.    
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Figure 29: Comparison between XRF and ICP-AES-Chromium in stainless steel fumes 
 
Figure 29 represents the comparison of chromium results with ICP-AES and XRF methods in 
stainless steel welding fumes. A linear regression model is fitted to the data. The p-value of 0.0038 
(highly significant) for the linear regression model indicates a significant relationship between the 
two methods. The coefficient of determination (R2 = 0.90) indicates a strong linear relationship 
between two methods in quantifying chromium in stainless steel welding fumes.  
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Figure 30: Comparison between XRF and ICP-AES-Manganese in stainless steel fumes 
 
Figure 30 represents the comparison of manganese results with ICP-AES and XRF methods in 
stainless steel welding fumes. A linear regression model is fitted to the data. The p-value of 3.83E-
05 (highly significant) for the linear regression model indicates a significant relationship between 
the two methods. Moreover, the model has a high coefficient of determination (R2 = 0.97) that 
indicates a strong linear relationship between two methods in quantifying manganese in stainless 
steel welding fumes.  
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Figure 31: Comparison between XRF and ICP-AES-Nickel in stainless steel fumes 
 
Figure 31 represents the comparison of nickel results with ICP-AES and XRF methods in stainless 
steel welding fumes. A linear regression model is fitted to the data. The p-value of 0.001 (highly 
significant) for the linear regression model indicates a significant relationship between the two 
methods. Moreover, the model has a high coefficient of determination (R2 = 0.95) that indicates a 
strong linear relationship between two methods in quantifying nickel in stainless steel welding 
fumes.  
 
Overall, the results indicate a significant relationship between ICP-AES and XRF methods in 
quantifying heavy metals in the welding fumes. The XRF analyzer has given promising results for 
chromium, manganese, and nickel in the welding fumes in this research other than a few 
exceptions. Many studies in the literature concludes that portable XRF analyzer is suitable to 
analyze metals such as lead and others in occupational exposure studies (Morley, J.C et al., 1999; 
Harper, M et al., 2006; Kim, N. S et al., 2007; Nicholas et al., 2009; Wisanti et al., 2010; LeBouf 
et al., 2013; Jae Hong Park et al., 2016; Jean-Philippe Gorce & Martin Roff, 2016). However, 
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those studies used 37 mm filters, where the loading of metal is not very high when compared to 
this dissertation research.   
 
A limited number of experiments are performed because of the budget, but this research will be a 
good start in further exploring the feasibility of using portable XRF analyzer in quantifying heavy 
metals in the welding fumes. 
 
5.4 Cancer and Non-cancer risk evaluation 
Lifetime Cancer and non-cancer risks associated with two base metals (MS and SS) are evaluated 
and discussed in the section below. The heavy metals are quantified using two methods ICP and 
XRF, cancer and non-cancer risks are computed for both the methods.  
 
5.4.1 Cancer risk 
The lifetime cancer risk probabilities are computed using Eq (2) as discussed in the literature 
review section. Tables 26 and 27 present the lifetime cancer risk probabilities computed for ICP-
AES and XRF results for two base metals. The total cancer risk probabilities are computed for 
each experimental scenario in these tables. The results are computed for three different scenarios 
as follows 
 
• Worst case hypothetical scenario: These calculations are based on the heavy metal 
concentrations emitting directly from the weld fume chamber opening of 8-inch diameter 
with a flow rate of 75 CFM (volumetric flow rate in the chamber without filter). In a real-
world scenario, a welder might not get exposed to high concentrations because of various 
reasons, such as source to receptor dilution, and personal protective equipment worn by a 
welder. The source to receptor dilution is possible in many ways like natural dilution, use 
of engineering controls, a local exhaust ventilation system to exhaust the fume away from 
the welder, a welder might stand away from plume direction, etc.,  
 
• Most probable scenario 1: The calculations in this scenario are based on the existence of 
a local exhaust ventilation system (LEV) or engineering controls to reduce the total fume 
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exposure. A study by Wallace et al. (2002) concluded a reduced exposure by almost 50% 
when the LEV is properly used. Another study concluded a reduced exposure by 35% with 
the use of LEV (Flynn and Susi, 2009). The percentage reduction in total fume for GMAW 
performed on stainless steel is observed to be between 38 % and 76% (Kura, 1998). Based 
on the literature values, 50% reduction (average) of fume exposure is used in these 
calculations, and corresponding total cancer risk probabilities are computed and reported.    
 
• Most probable scenario 2: The calculations in this scenario are based on the use of LEVs 
as well as the helmet worn by a welder. A study by Flynn and Susi, (2009) indicated a 
reduced exposure around 50% when a sample is placed inside of the helmet instead of 
outside. So, another 50% reduction is used to calculate the concentrations after the first 
50% (LEV) is used.   
 
Note: The lifetime cancer risks calculated from the worst-case hypothetical scenario are most 
unlikely because no person can get exposed to 100% fumes due to various reasons as discussed 
earlier. Also, it should be noted that the percentages used in these computations are based on 
literature and one can use their own values of reduction to calculate the total cancer risk 
probabilities.      
 
The following assumptions are made in estimating the LTAE of a specific pollutant: 
• A welder performed GMAW for 1-hour in a day.  
• There are 260 working days in a year. 
• A welder performed welding for 30 years in his lifetime.  
 
This dissertation didn’t quantify the hexavalent chromium (Cr(VI)) in the welding fumes, but the 
USEPA reports URE for Cr(VI), so the Cr(VI) concentration is estimated based on the literature. 
A study by Cena et al. (2014) found 6% of total chromium in Cr(VI) form in GMAW fume 
aerosols, so this value is used to estimate the Cr(VI) concentrations from total chromium results 
in this research. The mild steel experiments didn’t emit any Cr(VI), so the cancer risk probabilities 
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are not computed for mild steel experiments. The UREs of chromium, nickel, and lead are 1.20E-
02, 3.12E-04, and 1.20E-05 (µg/m3)-1 respectively.  
 
Note: A sample calculation in computing the cancer risk probability is attached in Appendix D. 
 
 
Table 26. Lifetime cancer risk probabilities for SS-ICP-AES results 
Exp No. 
Total cancer risk probability (in 1 million) 
Worst case hypothetical scenario Most probable scenario 1 Most probable scenario 2 
1_1 33,392 16,696 8,348 
1_2 34,994 17,497 8,748 
2_1 88,309 44,155 22,077 
2_2 82,053 41,027 20,513 
3_1 12,977 6,489 3,244 
3_2 NA NA NA 
4_1 151,546 75,773 37,887 
4_2 126,074 63,037 31,519 
 
Table 27. Lifetime cancer risk probabilities for SS-XRF results 
Exp No. 
Total cancer risk probability (in 1 million) 
Worst case hypothetical scenario Most probable scenario 1 Most probable scenario 2 
1_1 46,623 23,312 11,656 
1_2 37,206 18,603 9,302 
2_1 110,182 55,091 27,545 
2_2 141,105 70,552 35,276 
3_1 ND ND ND 
3_2 ND ND ND 
4_1 178,747 89,374 44,687 
4_2 164,474 82,237 41,118 
   
It should be noted that the cancer risk probabilities computed for most probable scenario 1 and 
most probable scenario 2 are based on the reduction of exposure due to LEV and LEV along with 
helmet respectively. However, the exposures can be further reduced with natural dilution, welding 
performed in indoors or outdoors, the welder may be away from the plume, use of engineering 
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controls, use of personal protective equipment, etc., so the cancer risk probabilities computed may 
further go down depending on various conditions mentioned above.      
 
The USEPA suggested goal for cancer risk is 1 in 1 million of the population. From the above 
tables, we can see the cancer risk probabilities are higher than this limit for all the scenarios. The 
total cancer risk probability reported in the above tables are the sum of individual probabilities 
from a specific heavy metal. Based on the individual heavy metal cancer risk probability 
calculations in this research (Appendix D), the heavy metals are ranked as below in causing cancer: 
• Hexavalent chromium 
• Nickel 
• Lead     
 
5.4.2 Non-cancer risk 
The lifetime non-cancer risk HQs are computed using Eq (4) as discussed in the literature review. 
Tables 28 through 31 presents the lifetime non-cancer risk HQs computed for ICP and XRF results 
for two base metals. The HQs are computed for three different scenarios as mentioned above. HQs 
are computed from reference concentration (RfC) and LTAE. The RfCs of chromium, cobalt, lead, 
manganese, and nickel are 1.00E-04, 1.00E-04, 1.50E-04, 5.00E-05, and 9.00E-05 mg/m3 
respectively. 
 
Note: The HQs calculated for each heavy metal is attached in Appendix D. 
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Table 28. Lifetime non-cancer risk hazard quotients for MS-ICP-AES results 
Exp 
No. 
Hazard quotient 
Worst case hypothetical 
scenario 
Most probable scenario 1 Most probable scenario 2 
Respiratory 
system 
Neurological 
system 
Respiratory 
system 
Neurological 
system 
Respiratory 
system 
Neurological 
system 
1_1 0 1,547 0 773 0 387 
1_2 0 1,552 0 776 0 388 
2_1 0 1,641 0 821 0 410 
2_2 0 1,756 0 878 0 439 
3_1 0 2,455 0 1,228 0 614 
3_2 0 2,805 0 1,403 0 701 
4_1 0 2,993 0 1,496 0 748 
4_2 0 3,194 0 1,597 0 799 
 
Table 29. Lifetime non-cancer risk hazard quotients for SS-ICP-AES results 
Exp 
No. 
Hazard quotient 
Worst case hypothetical scenario Most probable scenario 1 
Respiratory 
system 
Neurological 
system 
Immune 
system 
Respiratory 
system 
Neurological 
system 
Immune 
system 
1_1 360 983 338 180 492 169 
1_2 360 1,117 337 180 559 168 
2_1 1,117 1,675 1,062 558 838 531 
2_2 1,004 1,697 953 502 848 476 
3_1 72 686 63 36 343 31 
3_2 NA NA NA NA NA NA 
4_1 1,929 1,877 1,837 965 938 918 
4_2 1,620 1,716 1,544 810 858 772 
  Most probable scenario 2   
  Respiratory 
system 
Neurological 
system 
Immune 
system 
  
  90 246 85   
  90 279 84   
  279 419 266   
  251 424 238   
  18 172 16   
  NA NA NA   
  482 469 459   
  405 429 386   
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Table 30. Lifetime non-cancer risk hazard quotients for MS-XRF results 
Exp No. 
Hazard quotient 
Worst case hypothetical scenario Most probable scenario 1 Most probable scenario 2 
Neurological system Neurological system Neurological system 
1_1 920 460 230 
1_2 968 484 242 
2_1 1,711 855 428 
2_2 1,752 876 438 
3_1 2,019 1,009 505 
3_2 2,015 1,007 504 
4_1 2,099 1,050 525 
4_2 2,135 1,068 534 
 
Table 31. Lifetime non-cancer risk hazard quotients for SS-XRF results 
Exp 
No. 
Hazard quotient 
Worst case hypothetical scenario Most probable scenario 1 
Respiratory 
Neurological 
system 
Immune system Respiratory 
Neurological 
system 
Immune 
system 
1_1 463 804 434 231 402 217 
1_2 356 703 333 178 351 167 
2_1 1,218 1,472 1,154 609 736 577 
2_2 1,394 1,428 1,307 697 714 654 
3_1 ND 347 ND ND 174 ND 
3_2 ND 325 ND ND 163 ND 
4_1 1,879 1,596 1,771 939 798 886 
4_2 1,738 1,534 1,639 869 767 819 
  Most probable scenario 2   
  Respiratory 
Neurological 
system 
Immune 
system 
  
  116 201 109   
  89 176 83   
  305 368 288   
  349 357 327   
  ND 87 ND   
  ND 81 ND   
  470 399 443   
  434 384 410   
 
Non-cancer risks are not expressed in terms of probability of a person suffering an adverse effect, 
the risk for non-cancer effects are quantified by comparing the exposure to the reference level to 
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a ratio known as the “hazard quotient” (HQ). The HQ values for a specific pollutant is considered 
safe if less than 1, which means a person is not associated with any adverse health effects. As the 
exposure increases, the HQ value increases, and the potential adverse health effects increases. In 
most cases, the agencies require HQ value is less than or equal to 0.5 to be on the safe side to avoid 
any adverse health effects. Non-cancer risks are organ-specific; each pollutant has effects on a 
target organ/system based on its physical, chemical properties. If a person is exposed to two 
different pollutants that have effects on the same organ, then the HQ values for individual 
pollutants should be added and reported for the same organ. In Tables 28 through 31, the HQs are 
computed for target system specific and reported. Most of the HQ values are way above than safe 
limit, thus posing adverse health effects.  
 
5.5 Application of Results 
There are many applications of this research in public/private agencies as well as industries. A few 
applications in various sectors are discussed below. A brief description of how this research is 
sustainable is discussed below. 
 
5.5.1 Public and private agencies:  
Several governmental and private entities can benefit from this research; they include:  
  
Public/Not for Profit Entities: Occupational Safety and Health Administration (OSHA): The 
OSHA is a regulatory agency in the United States with an intention to protect the workers’ health 
in an occupational setting. This research will help in quantifying the pollutant exposure 
concentration from the Gas Metal Arc Welding (GMAW) activity that can help OSHA to strictly 
enforce the permissible exposure limits on various industries to protect the workers’ health.     
  
• The United States Environmental Protection Agency (USEPA)/Other Environmental 
Agencies around the Globe: The USEPA is a federal agency with an intention to protect 
the public health. The USEPA compiles the emission factors from various emission sources 
and archives it in the Air Pollutant – 42 (AP-42) emission factor tables. The emission 
factors (EFs) developed in this research can help in quantifying the emissions from GMAW 
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and take any necessary measures to reduce the environmental burden and protect public 
health. The EFs developed in this research can be archived in the AP-42 files and help other 
researchers/industries to protect the public health.  
 
• American Conference of Governmental Industrial Hygienists (ACGIH): The ACGIH 
is a professional association of industrial hygienists, and they thrive for advance worker 
protection by providing timely, objective, scientific information to occupational and 
environmental health professionals. This research can help this organization to provide 
scientific information to environmental professionals to protect the workers’ health.  
 
• National Institute for Occupational Safety and Health (NIOSH): The NIOSH is a 
federal agency to conduct research and make recommendations for the prevention of work-
related injury and illness. The pollutant exposure concentrations calculated in this research 
can help NIOSH to make any recommendations that help in reducing the work-related 
exposure and in turn workers’ health.  
 
• Private Entities: The welding activity is a ubiquitous process and is performed in various 
manufacturing and service sector industries such as shipbuilding, automobile 
manufacturing, construction (e.g., buildings, stadiums, steel bridges), offshore platforms, 
defense, railways, aviation and aeronautics, manufacturing of machines, etc., The research 
data can help these industries to make appropriate decisions and measures (installation of 
air pollution control devices and/or ventilation systems) to reduce the worker exposure and 
to protect the public health in and around the industry. The EFs can help in designing and 
executing appropriate air permits (Major source or Minor source permits depending on the 
scale of the industry) that have to be submitted to the environmental agencies. This research 
can help various industries to stay in compliance with OSHA and USEPA regulations.  
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5.5.2 Sustainability 
The sustainability is typically measured in three Ps or three Es viz. People, Planet, and Prosperity 
or Equity, Environment, and Economy. This research has relevance to all the three pillars/legs of 
sustainability. The detailed discussion is as follows:  
  
• Prosperity/Economy: The EFs determined in this research are helpful to derive 
sustainability costs. Typically, for any industry, life-cycle costs include direct, indirect, and 
societal costs.  
o Direct costs: The direct costs of an industry include material and labor costs. The 
EFs developed in this research can help in design changes and/or by choosing the 
right designs for an industry that pollute less and avoid incurring additional costs 
on air control devices or ventilation systems.   
 
o Indirect costs: The indirect costs include pollution prevention costs and fees paid 
to the environmental regulatory agencies. The EFs help in determining the emission 
quantities and help the industry to choose appropriate pollution control devices and 
avoid paying additional costs.      
 
o Societal costs: The societal costs include worker/public health costs, health 
insurance paid for workers’, etc. This research help in choosing the right pollution 
control devices that help to prevent exposure from the pollutants that lead to adverse 
health effects on workers’ as well as the public, this avoids worker/public health 
costs. Also, this research will evaluate cancer and non-cancer risks associated with 
the emissions of heavy metals from the GMAW; this can help industries to avoid 
any lawsuits or health costs against them.  
  
• Planet/Environment: The EFs developed can help in quantifying the emissions associated 
with the process and helps in making appropriate decisions on controlling the air pollution 
(e.g., installation of air pollution control devices), thus reducing the environmental burden 
on the planet.   
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• People/Equity: As discussed earlier, the EFs can help in choosing the appropriate air 
pollution control devices that reduce the pollutant exposure to the workers’ as well as the 
public, thus preventing the people from getting exposed to dangerous air toxics that leads 
to adverse health effects and sometimes even death.   
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6. Conclusions 
This research generated emission factors that are critical for understanding and managing welding 
emissions from various industrial activities.  Regulatory agencies can develop rational air permits 
while the industry owners can monitor their emissions in order to minimize or eliminate health 
risks to the welders / co-workers as well as the common public that live in the impacted zone.  The 
methodology demonstrated in this study can be utilized by other researchers to quickly generate 
additional welding emissions data for numerous welding processes and process conditions.  
Emission factors evaluated can also be utilized to estimate exposure to hazardous air pollutants 
and compute cancer and non-cancer health risks precisely.   
 
6.1 Summary 
• Current and voltage are found to be the most influencing parameters in the formation of 
fumes in GMAW. 
• The ANOVA analysis of MS FFR data indicate current, voltage, shielding gas, welding 
speed, CTWD have a significant effect on FFR.  
• The ANOVA analysis on SS FFR data indicate current, voltage, shielding gas, welding 
speed have a significant effect on FFR.  
• The total fume EFs for MS range between 3.29 and 10.22 g/kg of electrode; SS range 
between 0.75 and 2.99 g/kg of electrode. The EFs found in this research are close to the 
USEPA and other literature values. 
• The heavy metal EFs found for MS and SS are well in line with the USEPA EFs. The heavy 
metal emission rate results indicate that there is more influence of current than the voltage 
in the formation of metals in the fumes.    
• The mild steel welding emitted more fumes compared to stainless steel. However, the 
stainless steel fumes comprised of more carcinogens such as chromium and nickel that 
have adverse health effects. 
• There is a significant linear relationship found between ICP & XRF results. Thus, the low-
cost method of metal analysis employing portable XRF analyzer can be used to quantify 
the heavy metals in welding fumes.  However, the XRF is not able to detect the heavy 
metals in very smaller quantities (the LODs of XRF are higher than the ICP). 
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• The lifetime cancer and non-cancer risks are evaluated for the research data. The cancer 
risk probabilities from the SS welding indicate this process has a high potential to emit 
carcinogens that can pose deleterious effects on human health. Based on the individual 
heavy metal cancer risk probability calculations in this research, the heavy metals are 
ranked as below in causing cancer: 
o Hexavalent chromium 
o Nickel 
o Lead     
• The lifetime non-cancer risks computed in this research for most scenarios are higher than 
the safe limit, thus posing critical health risks on various organs.  
• Based on lifetime cancer and non-cancer risks computed in  this research, it is 
recommended that a welder wear personal protective equipment and the use of engineering 
controls, LEVs, etc. to reduce the welding fume exposure to avoid any potential health 
risks. It is recommended to avoid welding in confined spaces where fume concentration 
can reach higher levels.  Robotic welding may be utilized to prevent worker exposures.  
When robotic welding is not feasible, confined spaces must be well ventilated while 
protecting welder with additional personal protective equipment.  
 
6.2 Limitations  
• A limited number of experiments are performed due to lack of funding and other resources. 
• Only two levels of each operating parameter (current, voltage, shielding gas, welding 
speed, CTWD) are used in this research because of budget constraints. 
• The metal transfer modes in the GMAW are not investigated due to lack of suitable 
equipment such as a high-speed camera.  
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6.3 Future Recommendations 
• The particle size distribution of the welding fumes is recommended for future researchers 
to see the variation in the particle sizes with changes in operating parameters in the 
GMAW. 
• The heavy metal emissions within various particle size ranges in the fumes have to be 
investigated.   
• More levels of various operating parameters have to be investigated to see the variation in 
the fume formation process. 
• Future researchers can accelerate data collection using low cost, XRF analyzer to fill many 
data gaps that exist in welding emission inventories.  
• The influence of the shielding gas flow rate in fume formation is recommended for future 
researchers. 
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8. Appendix  
8.1 Appendix A – Chemical Composition of Base Metal and Electrodes 
 
Table A 1. Base metal and electrode composition  
Element (Weight %) 
Base Metal Electrode 
AH36 316L ER70S-6 ER316LSi 
Carbon 0.18 0.030 max 0.06 – 0.15 0.03 max 
Chromium 0.20 16.00 - 18.00 0.15 max 18.0 – 20.0 
Copper 0.35 - 0.50 max 0.75 max 
Columbium 0.02/0.05 - - - 
Iron - Balance - - 
Manganese 0.90/1.60 2.00 max 1.40 – 1.85 2/0 – 3.0 
Molybdenum 0.08 2.00 - 3.00 0.15 max - 
Nickel 0.40 10.00 - 14.00 0.15 max 11.0 – 14.0 
Nitrogen - 0.10 max  - 
Phosphorus 0.035 0.045 max 0.025 max 0.03 max 
Silicon 0.10/0.50 0.75 max 0.80 – 1.15 0.65 – 1.00 
Silver - -  - 
Sulfur 0.035 0.030 max 0.035 max 0.03 max 
Titanium - - - - 
Vanadium 0.05/0.10 - 0.03 max - 
Some of the elements present in the base metals have been identified by the Environmental Protection 
Agency (EPA) as harmful if chronic exposure to these pollutants occurs. 
Source: AWS Chemical Composition Requirements (2018). 
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8.2 Appendix B -  Experimental Results for all Scenarios 
Table B 1. Mild steel total fume experimental results   
S.NO Current Voltage Speed 
Shielding 
Gas 
CTWD 
I.W 
(g) 
F.W 
(g) 
Arc time 
(sec) 
Current 
(A) 
1_1 Low Low High 2 Low 2.638 2.772 30 185.94 
1_2 Low Low High 2 Low 2.642 2.789 30 196.75 
1_3 Low Low High 2 Low 2.628 2.781 30 170.66 
2_1 High Low High 2 High 2.609 2.814 30 263.28 
2_2 High Low High 2 High 2.627 2.817 30 268.97 
2_3 High Low High 2 High 2.618 2.816 30 269.45 
3_1 Low Low Low 1 Low 2.635 2.782 30 194.14 
3_2 Low Low Low 1 Low 2.659 2.793 30 199.47 
3_3 Low Low Low 1 Low 2.647 2.791 30 193.57 
4_1 High High High 2 High 2.628 2.755 15 262.84 
4_2 High High High 2 High 2.630 2.752 15 258.42 
4_3 High High High 2 High 2.645 2.762 15 265.87 
5_1 Low High Low 1 High 2.621 2.788 30 179.30 
5_2 Low High Low 1 High 2.649 2.828 30 172.61 
5_3 Low High Low 1 High 2.623 2.785 30 172.14 
6_1 Low High High 1 High 2.633 2.776 30 164.33 
6_2 Low High High 1 High 2.648 2.801 30 167.79 
6_3 Low High High 1 High 2.623 2.770 30 170.54 
7_1 High Low High 2 Low 2.658 2.858 30 296.79 
7_2 High Low High 2 Low 2.644 2.839 30 281.47 
7_3 High Low High 2 Low 2.618 2.810 30 278.98 
8_1 Low High High 1 Low 2.634 2.834 30 199.40 
8_2 Low High High 1 Low 2.649 2.859 30 198.14 
8_3 Low High High 1 Low 2.632 2.847 30 191.57 
9_1 Low High Low 1 Low 2.646 2.841 30 186.43 
9_2 Low High Low 1 Low 2.642 2.810 28 200.45 
9_3 Low High Low 1 Low 2.640 2.830 30 190.49 
10_1 Low Low High 1 High 2.644 2.714 30 162.83 
10_2 Low Low High 1 High 2.645 2.715 30 168.62 
10_3 Low Low High 1 High 2.641 2.716 30 170.54 
11_1 High Low Low 1 High 2.610 2.735 30 254.27 
11_2 High Low Low 1 High 2.631 2.766 30 265.55 
11_3 High Low Low 1 High 2.628 2.756 30 270.49 
12_1 Low High Low 2 High 2.636 2.836 30 161.90 
12_2 Low High Low 2 High 2.631 2.821 30 169.70 
12_3 Low High Low 2 High 2.644 2.854 30 178.58 
13_1 High High Low 1 High 2.658 2.773 15 263.89 
13_2 High High Low 1 High 2.650 2.773 15 259.32 
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13_3 High High Low 1 High 2.642 2.761 15 267.19 
14_1 Low High High 2 Low 2.645 2.848 30 194.33 
14_2 Low High High 2 Low 2.640 2.829 30 183.60 
14_3 Low High High 2 Low 2.638 2.831 30 187.60 
15_1 Low High Low 2 Low 2.656 2.860 30 190.54 
15_2 Low High Low 2 Low 2.651 2.864 30 199.26 
15_3 Low High Low 2 Low 2.648 2.843 30 189.12 
16_1 High High Low 2 High 2.647 2.745 15 260.61 
16_2 High High Low 2 High 2.653 2.758 15 262.69 
16_3 High High Low 2 High 2.638 2.739 15 264.58 
17_1 High High Low 2 Low 2.647 2.737 15 288.27 
17_2 High High Low 2 Low 2.628 2.713 15 280.43 
17_3 High High Low 2 Low 2.608 2.768 30 275.65 
18_1 Low Low Low 2 High 2.633 2.758 30 162.84 
18_2 Low Low Low 2 High 2.609 2.724 30 174.60 
18_3 Low Low Low 2 High 2.614 2.729 30 168.96 
19_1 Low Low High 2 High 2.619 2.724 30 174.52 
19_2 Low Low High 2 High 2.643 2.763 30 170.99 
19_3 Low Low High 2 High 2.627 2.740 30 172.36 
20_1 High High High 1 Low 2.642 2.747 15 280.52 
20_2 High High High 1 Low 2.617 2.729 15 276.54 
20_3 High High High 1 Low 2.639 2.759 15 288.80 
21_1 Low Low High 1 Low 2.608 2.718 30 175.81 
21_2 Low Low High 1 Low 2.603 2.718 30 187.69 
21_3 Low Low High 1 Low 2.614 2.719 30 185.46 
22_1 High High Low 1 Low 2.631 2.726 15 290.95 
22_2 High High Low 1 Low 2.615 2.720 15 265.73 
22_3 High High Low 1 Low 2.628 2.729 15 277.24 
23_1 Low Low Low 2 Low 2.618 2.723 30 172.72 
23_2 Low Low Low 2 Low 2.629 2.739 30 166.52 
23_3 Low Low Low 2 Low 2.624 2.729 30 178.06 
24_1 Low Low Low 1 High 2.668 2.768 30 161.92 
24_2 Low Low Low 1 High 2.658 2.753 30 162.51 
24_3 Low Low Low 1 High 2.654 2.744 30 165.88 
25_1 Low High High 2 High 2.651 2.811 30 159.01 
25_2 Low High High 2 High 2.658 2.813 30 164.49 
25_3 Low High High 2 High 2.648 2.818 30 165.87 
26_1 High High High 2 Low 2.660 2.788 15 260.06 
26_2 High High High 2 Low 2.643 2.773 15 272.39 
26_3 High High High 2 Low 2.625 2.740 15 278.98 
27_1 High High High 1 High 2.657 2.777 15 254.34 
27_2 High High High 1 High 2.657 2.757 15 257.84 
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27_3 High High High 1 High 2.621 2.729 15 252.11 
28_1 High Low Low 1 Low 2.639 2.777 30 278.41 
28_2 High Low Low 1 Low 2.663 2.788 30 261.77 
28_3 High Low Low 1 Low 2.644 2.773 30 275.48 
29_1 High Low Low 2 Low 2.653 2.808 30 260.69 
29_2 High Low Low 2 Low 2.649 2.809 30 278.26 
29_3 High Low Low 2 Low 2.642 2.792 30 270.54 
30_1 High Low Low 2 High 2.628 2.808 30 259.01 
30_2 High Low Low 2 High 2.624 2.809 30 257.84 
30_3 High Low Low 2 High 2.632 2.810 30 260.38 
31_1 High Low High 1 Low 2.646 2.831 30 286.32 
31_2 High Low High 1 Low 2.680 2.855 30 276.15 
31_3 High Low High 1 Low 2.628 2.809 30 272.57 
32_1 High Low High 1 High 2.614 2.764 30 256.86 
32_2 High Low High 1 High 2.624 2.789 30 272.64 
32_3 High Low High 1 High 2.628 2.788 30 260.17 
 
Table B 2. Stainless steel total fume experimental results  
S.NO Current Voltage Speed 
Shielding 
gas 
CTWD 
I.W 
(g) 
F.W 
(g) 
Arc time 
(sec) 
Current 
(A) 
1_1 1 2 1 2 1 2.621 2.654 60 165.48 
1_2 1 2 1 2 1 2.629 2.681 60 170.76 
1_3 1 2 1 2 1 2.631 2.677 60 172.54 
2_1 1 1 1 2 2 2.630 2.775 60 158.64 
2_2 1 1 1 2 2 2.630 2.774 60 155.42 
2_3 1 1 1 2 2 2.628 2.774 60 160.18 
3_1 1 1 1 2 1 2.620 2.764 60 179.53 
3_2 1 1 1 2 1 2.622 2.767 60 169.19 
3_3 1 1 1 2 1 2.627 2.772 60 168.47 
4_1 2 1 1 1 1 2.619 2.859 60 243.57 
4_2 2 1 1 1 1 2.620 2.836 60 245.98 
4_3 2 1 1 1 1 2.620 2.844 60 248.63 
5_1 1 2 2 1 1 2.640 2.672 60 163.29 
5_2 1 2 2 1 1 2.609 2.641 60 171.67 
5_3 1 2 2 1 1 2.629 2.664 60 169.45 
6_1 1 1 2 1 2 2.659 2.762 60 149.87 
6_2 1 1 2 1 2 2.619 2.727 60 152.67 
6_3 1 1 2 1 2 2.620 2.724 60 155.35 
7_1 1 1 2 1 1 2.648 2.763 60 163.87 
7_2 1 1 2 1 1 2.640 2.752 60 167.49 
7_3 1 1 2 1 1 2.642 2.756 60 169.71 
8_1 2 2 2 2 2 2.651 2.926 60 238.57 
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8_2 2 2 2 2 2 2.641 2.954 60 239.12 
8_3 2 2 2 2 2 2.640 2.930 60 240.58 
9_1 2 1 2 2 1 2.649 2.915 60 245.69 
9_2 2 1 2 2 1 2.651 2.913 60 252.83 
9_3 2 1 2 2 1 2.634 2.910 60 249.54 
10_1 2 1 2 2 2 2.633 2.885 60 229.68 
10_2 2 1 2 2 2 2.632 2.873 60 236.84 
10_3 2 1 2 2 2 2.628 2.872 60 238.49 
11_1 1 2 2 2 1 2.659 2.695 60 161.18 
11_2 1 2 2 2 1 2.642 2.680 60 169.82 
11_3 1 2 2 2 1 2.645 2.688 60 170.03 
12_1 1 1 2 2 2 2.653 2.776 60 158.37 
12_2 1 1 2 2 2 2.649 2.803 60 151.14 
12_3 1 1 2 2 2 2.632 2.778 60 154.09 
13_1 2 2 2 1 2 2.650 2.961 60 239.07 
13_2 2 2 2 1 2 2.651 2.916 60 235.86 
13_3 2 2 2 1 2 2.649 2.938 60 240.03 
14_1 1 2 2 2 2 2.662 2.710 60 158.57 
14_2 1 2 2 2 2 2.639 2.685 60 154.27 
14_3 1 2 2 2 2 2.633 2.686 60 149.35 
15_1 2 1 2 1 1 2.630 2.900 60 240.09 
15_2 2 1 2 1 1 2.609 2.873 60 243.38 
15_3 2 1 2 1 1 2.620 2.890 60 250.21 
16_1 2 2 2 2 1 2.639 2.985 60 242.95 
16_2 2 2 2 2 1 2.650 2.989 60 249.83 
16_3 2 2 2 2 1 2.638 2.974 60 252.17 
17_1 1 2 2 1 2 2.640 2.669 60 160.58 
17_2 1 2 2 1 2 2.638 2.664 60 157.64 
17_3 1 2 2 1 2 2.631 2.666 60 153.05 
18_1 2 2 2 1 1 2.639 2.949 60 258.97 
18_2 2 2 2 1 1 2.649 2.944 60 243.64 
18_3 2 2 2 1 1 2.641 2.946 60 249.07 
19_1 2 1 2 1 2 2.631 2.847 60 238.90 
19_2 2 1 2 1 2 2.663 2.879 60 240.25 
19_3 2 1 2 1 2 2.620 2.838 60 230.38 
20_1 1 1 2 2 1 2.640 2.768 60 166.06 
20_2 1 1 2 2 1 2.661 2.780 60 167.62 
20_3 1 1 2 2 1 2.638 2.764 60 164.34 
21_1 2 2 1 1 2 2.609 2.990 60 229.87 
21_2 2 2 1 1 2 2.630 3.016 60 235.61 
21_3 2 2 1 1 2 2.613 2.998 60 234.04 
22_1 1 2 1 2 2 2.622 2.664 60 150.04 
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22_2 1 2 1 2 2 2.629 2.668 60 153.69 
22_3 1 2 1 2 2 2.628 2.668 60 157.32 
23_1 2 1 1 2 1 2.620 2.905 60 242.08 
23_2 2 1 1 2 1 2.611 2.872 60 247.58 
23_3 2 1 1 2 1 2.621 2.896 60 243.64 
24_1 2 1 1 1 2 2.618 2.888 60 239.54 
24_2 2 1 1 1 2 2.638 2.917 60 235.48 
24_3 2 1 1 1 2 2.635 2.910 60 230.08 
25_1 1 1 1 1 2 2.619 2.772 60 151.23 
25_2 1 1 1 1 2 2.660 2.817 60 157.03 
25_3 1 1 1 1 2 2.627 2.782 60 159.65 
26_1 2 2 1 1 1 2.629 3.059 60 245.87 
26_2 2 2 1 1 1 2.612 3.053 60 240.21 
26_3 2 2 1 1 1 2.624 3.050 60 253.68 
27_1 1 2 1 1 2 2.639 2.680 60 160.08 
27_2 1 2 1 1 2 2.637 2.674 60 151.85 
27_3 1 2 1 1 2 2.640 2.680 60 153.49 
28_1 2 2 1 2 2 2.619 3.003 60 230.27 
28_2 2 2 1 2 2 2.611 2.986 60 240.18 
28_3 2 2 1 2 2 2.623 3.008 60 231.73 
29_1 1 1 1 1 1 2.613 2.731 60 162.70 
29_2 1 1 1 1 1 2.626 2.732 60 175.39 
29_3 1 1 1 1 1 2.620 2.720 60 165.09 
30_1 2 1 1 2 2 2.620 2.869 60 227.57 
30_2 2 1 1 2 2 2.642 2.912 60 230.15 
30_3 2 1 1 2 2 2.636 2.894 60 234.98 
31_1 1 2 1 1 1 2.609 2.640 60 160.38 
31_2 1 2 1 1 1 2.612 2.644 60 162.34 
31_3 1 2 1 1 1 2.625 2.660 60 168.07 
32_1 2 2 1 2 1 2.629 3.023 60 240.25 
32_2 2 2 1 2 1 2.621 3.013 60 243.67 
32_3 2 2 1 2 1 2.638 3.030 60 245.28 
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Table B 3. Mild steel heavy metal experimental results for wet chemistry (ICP-AES) analysis 
S.NO Current Voltage Gas Speed, cm/min CTWD, mm Arc time, sec 
Measured 
current, A 
1_1 1 1 Ar+10% CO2 35 19 30 175.6 
1_2 1 1 Ar+10% CO2 35 19 30 171.2 
2_1 2 1 Ar+10% CO2 35 19 15 252.3 
2_2 2 1 Ar+10% CO2 35 19 15 259.9 
3_1 1 2 Ar+10% CO2 35 19 15 180.5 
3_2 1 2 Ar+10% CO2 35 19 15 160.9 
4_1 2 2 Ar+10% CO2 35 19 15 257.6 
4_2 2 2 Ar+10% CO2 35 19 15 268.6 
 
Table B 4. Stainless steel heavy metal experimental results for wet chemistry (ICP-AES) analysis 
S.NO Current Voltage Gas Speed, cm/min CTWD, mm Arc time, sec 
Measured 
current, A 
1_1 1 1 Ar+1% O2 35 19 30 145.7 
1_2 1 1 Ar+1% O2 35 19 30 160.7 
2_1 2 1 Ar+1% O2 35 19 30 227.8 
2_2 2 1 Ar+1% O2 35 19 30 235.9 
3_1 1 2 Ar+1% O2 35 19 30 158.9 
3_2 1 2 Ar+1% O2 35 19 30 163.5 
4_1 2 2 Ar+1% O2 35 19 30 240.9 
4_2 2 2 Ar+1% O2 35 19 30 228.3 
 
Table B 5. Mild steel heavy metal experimental results for XRF analysis 
S.NO Current Voltage Gas Speed, cm/min CTWD, mm Arc time, sec 
Measured 
current, A 
1_1 1 1 Ar+10% CO2 35 19 7 185.6 
1_2 1 1 Ar+10% CO2 35 19 7 179.2 
2_1 2 1 Ar+10% CO2 35 19 7 258.9 
2_2 2 1 Ar+10% CO2 35 19 7 263.7 
3_1 1 2 Ar+10% CO2 35 19 7 178.9 
3_2 1 2 Ar+10% CO2 35 19 7 171.3 
4_1 2 2 Ar+10% CO2 35 19 7 250.7 
4_2 2 2 Ar+10% CO2 35 19 7 265.8 
 
 
 
 
 
114 
 
 
Table B 6. Stainless steel heavy metal experimental results for XRF analysis 
S.NO Current Voltage Gas Speed, cm/min CTWD, mm Arc time, sec 
Measured 
current, A 
1_1 1 1 Ar+1% O2 35 19 10 158.7 
1_2 1 1 Ar+1% O2 35 19 10 147.8 
2_1 2 1 Ar+1% O2 35 19 10 235.9 
2_2 2 1 Ar+1% O2 35 19 10 220.9 
3_1 1 2 Ar+1% O2 35 19 10 140.5 
3_2 1 2 Ar+1% O2 35 19 10 151.8 
4_1 2 2 Ar+1% O2 35 19 12 232.8 
4_2 2 2 Ar+1% O2 35 19 10 227.5 
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8.3 Appendix C – Statistical Analysis Results 
MS FFR 
Analysis of Variance Table 
 
Response: MS$Y 
                   Df  Sum Sq Mean Sq  F value    Pr(>F)     
MS$Current          1 0.18341 0.18341  99.8091 3.351e-16 *** 
MS$Voltage          1 0.37065 0.37065 201.7038 < 2.2e-16 *** 
MS$Speed            1 0.01362 0.01362   7.4123  0.007794 **  
MS$Shielding.Gas    1 0.01912 0.01912  10.4032  0.001760 **  
MS$CTWD             1 0.00944 0.00944   5.1364  0.025853 *   
MS$Current:MS$CTWD  1 0.03070 0.03070  16.7058 9.540e-05 *** 
Residuals          89 0.16355 0.00184                        
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Call: 
lm(formula = MS$Y ~ MS$Current + MS$Voltage + MS$Speed + MS$Shielding.Gas +  
    MS$CTWD + MS$Current * MS$CTWD) 
 
Residuals: 
      Min        1Q    Median        3Q       Max  
-0.120895 -0.032887  0.002811  0.033181  0.086555  
 
Coefficients: 
                     Estimate Std. Error t value Pr(>|t|)     
(Intercept)           0.23655    0.01158  20.435  < 2e-16 *** 
MS$Current2           0.05165    0.01238   4.174 6.95e-05 *** 
MS$Voltage2           0.12427    0.00875  14.202  < 2e-16 *** 
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MS$Speed2             0.02382    0.00875   2.723  0.00779 **  
MS$Shielding.Gas2     0.02822    0.00875   3.225  0.00176 **  
MS$CTWD2             -0.05560    0.01238  -4.493 2.11e-05 *** 
MS$Current2:MS$CTWD2  0.07153    0.01750   4.087 9.54e-05 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.04287 on 89 degrees of freedom 
Multiple R-squared:  0.7931, Adjusted R-squared:  0.7792  
F-statistic: 56.86 on 6 and 89 DF,  p-value: < 2.2e-16 
 
 
Figure C 1: MS residual normality probability plot 
Shapiro-Wilk normality test 
data:  LM1$residuals 
W = 0.97673, p-value = 0.08531 
 
SS FFR 
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Analysis of Variance Table 
Response: SS$Y 
                      Df  Sum Sq Mean Sq   F value    Pr(>F)     
SS$Current             1 1.27672 1.27672 1315.1383 < 2.2e-16 *** 
SS$Voltage             1 0.00546 0.00546    5.6198 0.0199676 *   
SS$Speed               1 0.02178 0.02178   22.4327 8.395e-06 *** 
SS$Shielding.Gas       1 0.01205 0.01205   12.4162 0.0006809 *** 
SS$CTWD                1 0.00083 0.00083    0.8503 0.3590230     
SS$Current:SS$Voltage  1 0.16364 0.16364  168.5634 < 2.2e-16 *** 
SS$Current:SS$CTWD     1 0.01639 0.01639   16.8814 8.972e-05 *** 
SS$Voltage:SS$CTWD     1 0.00923 0.00923    9.5034 0.0027475 **  
Residuals             87 0.08446 0.00097                         
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Call: 
lm(formula = SS$Y ~ SS$Current + SS$Voltage + SS$Speed + SS$Shielding.Gas +  
    SS$CTWD + SS$Current * SS$Voltage + SS$Current * SS$CTWD +  
    SS$Voltage * SS$CTWD) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-0.06618 -0.01876 -0.00320  0.01949  0.06637  
 
Coefficients: 
                        Estimate Std. Error t value Pr(>|t|)     
(Intercept)              0.08408    0.00954   8.813 1.08e-13 *** 
SS$Current2              0.17420    0.01102  15.814  < 2e-16 *** 
SS$Voltage2             -0.04789    0.01102  -4.347 3.73e-05 *** 
SS$Speed2               -0.03012    0.00636  -4.736 8.39e-06 *** 
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SS$Shielding.Gas2        0.02241    0.00636   3.524 0.000681 *** 
SS$CTWD2                 0.05160    0.01102   4.684 1.03e-05 *** 
SS$Current2:SS$Voltage2  0.16515    0.01272  12.983  < 2e-16 *** 
SS$Current2:SS$CTWD2    -0.05226    0.01272  -4.109 8.97e-05 *** 
SS$Voltage2:SS$CTWD2    -0.03921    0.01272  -3.083 0.002747 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Residual standard error: 0.03116 on 87 degrees of freedom 
Multiple R-squared:  0.9469, Adjusted R-squared:  0.942  
F-statistic: 193.9 on 8 and 87 DF,  p-value: < 2.2e-16 
 
 
Figure C 2: SS residual normality probability plot  
Shapiro-Wilk normality test 
data:  LM$residuals 
W = 0.98704, p-value = 0.4703 
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8.4 Appendix D – Cancer and Non-cancer Risks Calculations 
Sample calculations: 
Cancer risk: 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝜇𝑔
𝑚3
) =
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (
𝜇𝑔
𝑚𝑖𝑛)
𝐵𝑙𝑜𝑤𝑒𝑟 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 (
𝑚3
𝑚𝑖𝑛)
 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
332.52 
2.12 
 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  156.57 
1-day average 
𝐿𝑇𝐴𝐸 =  
156.57 ∗ 1
24
= 6.52 
1-year average 
𝐿𝑇𝐴𝐸 =  
6.52 ∗ 260
365
= 4.65 
30-year average 
𝐿𝑇𝐴𝐸 =  
4.65 ∗ 30
70
= 1.99 
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑐𝑎𝑛𝑐𝑒𝑟 𝑟𝑖𝑠𝑘 = 𝐿𝑇𝐴𝐸 (
𝜇𝑔
𝑚3
) ∗ 𝑈𝑅𝐸 (
𝜇𝑔
𝑚3
)
−1
 
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑐𝑎𝑛𝑐𝑒𝑟 𝑟𝑖𝑠𝑘 = 1.99 ∗ 0.012 = 0.0239 
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑐𝑎𝑛𝑐𝑒𝑟 𝑟𝑖𝑠𝑘 (𝑖𝑛 1 𝑚𝑖𝑙𝑙𝑖𝑜𝑛) = 0.0239 ∗ 106 = 23,880 
 
Noncancer risk: 
 
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑛𝑜𝑛 − 𝑐𝑎𝑛𝑐𝑒𝑟 𝑟𝑖𝑠𝑘 =
𝐿𝑇𝐴𝐸 (
𝑚𝑔
𝑚3
)
𝑅𝑓𝐶 (
𝑚𝑔
𝑚3
)
 
 
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑛𝑜𝑛 − 𝑐𝑎𝑛𝑐𝑒𝑟 𝑟𝑖𝑠𝑘 (𝐶ℎ𝑟𝑜𝑚𝑖𝑢𝑚) =
0.00199
0.0001
= 19.9 
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Table D 1. Cancer risk probabilities for SS-ICP results 
Exp 
No. 
Concentration, µg/m3 
Worst case hypothetical scenario Most probable scenario 1 
LTAE, µg/m3 Cancer risk probability LTAE, µg/m3 Cancer risk probability 
Cr (VI) Pb Ni Cr Pb Ni Cr Pb Ni Cr Pb Ni Cr Pb Ni 
1_1 156.57 1.13 2,391.98 1.99 0.014 30.43 23,899 0 9,493 1.00 0.007 15.21 11,950 0 4,747 
1_2 167.31 ND 2,382.56 2.13 ND 30.31 25,538 ND 9,456 1.06 ND 15.15 12,769 ND 4,728 
2_1 383.15 ND 7,514.96 4.87 ND 95.59 58,485 ND 29,825 2.44 ND 47.80 29,242 ND 14,912 
2_2 362.24 ND 6,742.75 4.61 ND 85.77 55,294 ND 26,760 2.30 ND 42.88 27,647 ND 13,380 
3_1 73.51 1.51 442.61 0.94 0.019 5.63 11,221 0 1,757 0.47 0.010 2.82 5,610 0 878 
3_2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
4_1 654.93 ND 12,995.80 8.33 ND 165.31 99,970 ND 51,576 4.17 ND 82.65 49,985 ND 25,788 
4_2 541.92 ND 10,924.01 6.89 ND 138.96 82,720 ND 43,354 3.45 ND 69.48 41,360 ND 21,677 
    Most probable scenario 2       
    LTAE, µg/m3 Cancer risk probability       
    Cr Pb Ni Cr Pb Ni       
    0.50 0.007 7.61 5,975 0 2,373       
    0.53 ND 7.58 6,385 ND 2,364       
    1.22 ND 23.90 14,621 ND 7,456       
    1.15 ND 21.44 13,823 ND 6,690       
    0.23 0.010 1.41 2,805 0 439       
    NA NA NA NA NA NA       
    2.08 ND 41.33 24,993 ND 12,894       
    1.72 ND 34.74 20,680 ND 10,838       
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Table D 2. Cancer risk probabilities for SS-XRF results 
Exp No. 
Concentration, µg/m3 
Worst case hypothetical scenario Most probable scenario 1 
LTAE, µg/m3 Cancer risk probability LTAE, µg/m3 Cancer risk probability 
Cr (VI) Ni Cr Ni Cr Ni Cr Ni Cr Ni 
1_1 225.56 3,072.38 2.87 39.08 34,430 12,193 1.43 19.54 17,215 6,097 
1_2 182.45 2,357.61 2.32 29.99 27,849 9,357 1.16 14.99 13,925 4,678 
2_1 509.63 8,161.46 6.48 103.82 77,791 32,390 3.24 51.91 38,896 16,195 
2_2 683.97 9,247.74 8.70 117.63 104,403 36,701 4.35 58.82 52,202 18,351 
3_1 ND ND ND ND ND ND ND ND ND ND 
3_2 ND ND ND ND ND ND ND ND ND ND 
4_1 845.18 12,532.47 10.75 159.42 129,010 49,737 5.38 79.71 64,505 24,869 
4_2 776.02 11,595.93 9.87 147.50 118,453 46,021 4.94 73.75 59,226 23,010 
   Most probable scenario 2     
   LTAE, µg/m3 Cancer risk probability     
   Cr Ni Cr Ni     
   0.72 9.77 8,608 3,048     
   0.58 7.50 6,962 2,339     
   1.62 25.95 19,448 8,098     
   2.18 29.41 26,101 9,175     
   ND ND ND ND     
   ND ND ND ND     
   2.69 39.85 32,252 12,434     
   2.47 36.88 29,613 11,505     
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Table D 3. Non-cancer risk HQs for MS-ICP results 
Exp No. 
Concentration, mg/m3 
Worst case hypothetical scenario Most probable scenario 1 
LTAE, mg/m3 Hazard quotient LTAE, mg/m3 Hazard quotient 
Cr Pb Mn Cr Pb Mn Cr Pb Mn Cr Pb Mn Cr Pb Mn 
1_1 0.00 0.01 6.08 2.00527E-05 0.000100623 0.08 0 1 1546 1.00263E-05 5.03113E-05 0.04 0 0 773 
1_2 0.00 0.01 6.10 1.26497E-05 0.000112602 0.08 0 1 1551 6.32485E-06 5.63008E-05 0.04 0 0 775 
2_1 0.00 0.01 6.45 1.48059E-05 0.000186871 0.08 0 1 1640 7.40295E-06 9.34353E-05 0.04 0 1 820 
2_2 0.00 0.02 6.90 1.65309E-05 0.000198849 0.09 0 1 1755 8.26543E-06 9.94247E-05 0.04 0 1 878 
3_1 0.00 0.01 9.65 2.06995E-05 9.82269E-05 0.12 0 1 2455 1.03498E-05 4.91134E-05 0.06 0 0 1227 
3_2 0.00 0.01 11.02 2.12745E-05 0.000103018 0.14 0 1 2804 1.06373E-05 5.15092E-05 0.07 0 0 1402 
4_1 0.00 0.02 11.76 1.83996E-05 0.000239578 0.15 0 2 2991 9.19978E-06 0.000119789 0.07 0 1 1496 
4_2 0.00 0.02 12.55 2.81743E-05 0.00026114 0.16 0 2 3192 1.40872E-05 0.00013057 0.08 0 1 1596 
     Most probable scenario 2      
     LTAE, mg/m3 Hazard quotient      
     Cr Pb Mn Cr Pb Mn      
     
5.01316E-06 2.51557E-05 0.01932 0 0 386 
     
     
3.16243E-06 2.81504E-05 0.01938 0 0 388 
     
     
3.70148E-06 4.67177E-05 0.0205 0 0 410 
     
     
4.13272E-06 4.97124E-05 0.02194 0 0 439 
     
     
5.17488E-06 2.45567E-05 0.03068 0 0 614 
     
     
5.31863E-06 2.57546E-05 0.03505 0 0 701 
     
     
4.59989E-06 5.98944E-05 0.03739 0 0 748 
     
     
7.04358E-06 6.52849E-05 0.03991 0 0 798 
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Table D 4. Non-cancer risk HQs for SS-ICP results 
 
 
Cr Co Pb Mn Ni Cr Co Pb Mn Ni Cr Co Pb Mn Ni Cr Co Pb Mn Ni Cr Co Pb Mn Ni
1_1 0.16 0.01 1.13E-03 3.86 2.39 1.99E-03 0.000160517 1.4375E-05 4.91E-02 3.04E-02 20 2 0 983 338 9.96E-04 8.02585E-05 7.187E-06 2.46E-02 1.52E-02 10 1 0 491 169
1_2 0.17 0.01 ND 4.39 2.38 2.13E-03 0.000158121 ND 5.59E-02 3.03E-02 21 2 ND 1117 337 1.06E-03 7.90606E-05 ND 2.79E-02 1.52E-02 11 1 ND 559 168
2_1 0.38 0.04 ND 6.59 7.51 4.87E-03 0.000568997 ND 8.38E-02 9.56E-02 49 6 ND 1675 1062 2.44E-03 0.000284499 ND 4.19E-02 4.78E-02 24 3 ND 838 531
2_2 0.36 0.04 ND 6.67 6.74 4.61E-03 0.000512696 ND 8.48E-02 8.58E-02 46 5 ND 1697 953 2.30E-03 0.000256348 ND 4.24E-02 4.29E-02 23 3 ND 848 476
3_1 0.07 0.00 1.51E-03 2.70 0.44 9.35E-04 3.11451E-05 1.9166E-05 3.43E-02 5.63E-03 9 0 0 686 63 4.68E-04 1.55726E-05 9.583E-06 1.71E-02 2.82E-03 5 0 0 343 31
3_2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
4_1 0.65 0.07 ND 7.38 13.00 8.33E-03 0.000935551 ND 9.38E-02 1.65E-01 83 9 ND 1877 1837 4.17E-03 0.000467775 ND 4.69E-02 8.27E-02 42 5 ND 938 918
4_2 0.54 0.06 ND 6.75 10.92 6.89E-03 0.000760659 ND 8.58E-02 1.39E-01 69 8 ND 1716 1544 3.45E-03 0.00038033 ND 4.29E-02 6.95E-02 34 4 ND 858 772
Worst case hypothetical scenario Most probable scenario 1
LTAE, mg/m
3Exp No.
Concentration, mg/m
3
LTAE, mg/m
3
Hazard quotient Hazard quotient
Cr Co Pb Mn Ni Cr Co Pb Mn Ni
4.98E-04 4.01293E-05 3.594E-06 1.23E-02 7.61E-03 5 0 0 246 85
5.32E-04 3.95303E-05 ND 1.40E-02 7.58E-03 5 0 ND 279 84
1.22E-03 0.000142249 ND 2.09E-02 2.39E-02 12 1 ND 419 266
1.15E-03 0.000128174 ND 2.12E-02 2.14E-02 12 1 ND 424 238
2.34E-04 7.78628E-06 4.792E-06 8.57E-03 1.41E-03 2 0 0 171 16
NA NA NA NA NA NA NA NA NA NA
2.08E-03 0.000233888 ND 2.35E-02 4.13E-02 21 2 ND 469 459
1.72E-03 0.000190165 ND 2.15E-02 3.47E-02 17 2 ND 429 386
Hazard quotientLTAE, mg/m
3
Most probable scenario 2
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Table D 5. Non-cancer risk HQs for MS-XRF results 
Exp No. 
Concentration, mg/m3 
Worst case hypothetical scenario Most probable scenario 1 Most probable scenario 2 
LTAE, mg/m3 Hazard quotient LTAE, mg/m3 Hazard quotient LTAE, mg/m3 Hazard quotient 
Mn Mn Mn Mn Mn Mn Mn 
1_1 3.62 0.05 920 2.30E-02 460 1.15E-02 230 
1_2 3.81 0.05 968 2.42E-02 484 1.21E-02 242 
2_1 6.72 0.09 1711 4.28E-02 855 2.14E-02 428 
2_2 6.89 0.09 1752 4.38E-02 876 2.19E-02 438 
3_1 7.94 0.10 2019 5.05E-02 1009 2.52E-02 505 
3_2 7.92 0.10 2015 5.04E-02 1007 2.52E-02 504 
4_1 8.25 0.10 2099 5.25E-02 1050 2.62E-02 525 
4_2 8.39 0.11 2135 5.34E-02 1068 2.67E-02 534 
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Table D 6. Non-cancer risk HQs for SS-XRF results 
Exp No. 
Concentration, mg/m3 
Worst case hypothetical scenario Most probable scenario 1 
LTAE, mg/m3 Hazard quotient LTAE, mg/m3 Hazard quotient 
Cr Mn Ni Cr Mn Ni Cr Mn Ni Cr Mn Ni Cr Mn Ni 
1_1 0.23 3.16 3.07 2.87E-03 4.02E-02 0.04 29 804 434 1.43E-03 2.01E-02 0.02 14 402 217 
1_2 0.18 2.76 2.36 2.32E-03 3.51E-02 0.03 23 703 333 1.16E-03 1.76E-02 0.01 12 351 167 
2_1 0.51 5.79 8.16 6.48E-03 7.36E-02 0.10 65 1472 1154 3.24E-03 3.68E-02 0.05 32 736 577 
2_2 0.68 5.61 9.25 8.70E-03 7.14E-02 0.12 87 1428 1307 4.35E-03 3.57E-02 0.06 44 714 654 
3_1 ND 1.36 ND ND 1.74E-02 ND ND 347 ND ND 8.68E-03 ND ND 174 ND 
3_2 ND 1.28 ND ND 1.63E-02 ND ND 325 ND ND 8.14E-03 ND ND 163 ND 
4_1 0.85 6.28 12.53 1.08E-02 7.98E-02 0.16 108 1596 1771 5.38E-03 3.99E-02 0.08 54 798 886 
4_2 0.78 6.03 11.60 9.87E-03 7.67E-02 0.15 99 1534 1639 4.94E-03 3.84E-02 0.07 49 767 819 
    Most probable scenario 2       
    LTAE, mg/m3 Hazard quotient       
    Cr Mn Ni Cr Mn Ni       
    7.17E-04 1.00E-02 0.01 7 201 109       
    5.80E-04 8.78E-03 0.01 6 176 83       
    1.62E-03 1.84E-02 0.03 16 368 288       
    2.18E-03 1.78E-02 0.03 22 357 327       
    ND 4.34E-03 ND ND 87 ND       
    ND 4.07E-03 ND ND 81 ND       
    2.69E-03 2.00E-02 0.04 27 399 443       
    2.47E-03 1.92E-02 0.04 25 384 410       
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8.5 Appendix E – ICP-AES Heavy Metal Results 
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